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The reasonable man adapts himself to the world ;
~^the unreasonable man persists in trying to 
adopt the world to himself .
.... . . . . , Therefore all progress depends
on th e  unreasonable m an.
G . B e r n a r d . S h q iu . . v
(tsse —  igso)
SUMMARY
A -thorough review of the literature has been undertaken on the 
prediction of the properties of composite materials from the properties of
the components. This' suggests that least progress has heen made in the
property area of toughness, and it is evident that the major techniques for
the assessment of toughness are impact tests.
A study of the influence of material parameters on the impact 
performance of fibre reinforced plastics is reported in this work. The 
material parameters studied were fibre type, diameter, geometry and volume 
fraction, and matrix properties. In order to study the failure process 
and energy absorption mechanisms in notched and unnotched specimens, both 
Charpy impact and slow rate tests were conducted using identical test 
geometries. Failure analysis depended to a large extent on optical and 
scanning electron microscope fracturegraphic observations of tested specimens.
It was found that similar complex failures occurred at both test rates 
.that, could be analysed‘in terms of'the standard strength and stiffness 
properties of the materials under test, provided that full consideration 
was given to the test geometry. Models have been developed to predict 
the critical conditions controlling the mode of failure*and it was possible 
to evaluate the influence of both test and material parameters. The 
energy absorbed was'found to be dependent on the fibre failure conditons 
including modifications due to the specimen failure mode. These results 
suggested that the micro-mechanisms of energy absorption (eg debonding) 
were a secondary effect of straining the fibres to failure.
The overall conclusion is that-the Charpy test cannot be recommended 
for the comparison or characterisation of composite materials .
Alternative techniques, based on the determination of the strain rate 
dependence of standard properties have been recommended together with 
preliminary supporting results.
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Each symbol is defined as it first appears in the text. Only 
symbols used frequently are recorded here.
E = Youngs Modulus
E = Apparent Flexural Modulus
*
E = Corrected Apparent Flexural Modulus
Ed . = Reduced Flexural ModulusK
Ea = Secant Flexural ModulusD
Ea’El5E12,El = Longitudinal Youngs Modulus
E^. ,E2 = Transverse Youngs Modulus •
G = Shear Modulus
k, K, = Bulk Modulus
a = Failure Stress
0^ = Apparent Flexure Failure Stress
a, = Tensile - Flexure Failure Stress
t
aT, a" = Conroression - Flexure Failure Stress■ c3 c
o' = Fibre Stress at o
f . ■■ p
o" = Fibre Stress at o' t'
f . - t
t = Interface Strength
= Interface Sliding Friction Stress
e = Failure Strain
v = Poisson Ratio
V = Volume Fraction
d - = Specimen Depth
b = Specimen Breadth
S = Flexure Test Span
c = Notch Depth
p = Density
u = Depth of Compression Failure Region
1^ = Fibre Length
lc — Critical Fibre Length
1 ■' = Fibre Stress Transfer Length
Y = Debonded Length of Fibre
d^, r - Fibre Diameter/Radius
P = Load in Reubons
A, 6 = Deflection in mm
W = Work done
y = Fracture Surface Energy
I = Moment of Inertia
3 . = Euler Column-Support Conditions
<j> = Angle of Fibre Misalignment
8 = i x Crack Opening Angle
Subscripts
c = Composite (except -when = critical)
f = Fibre
m = Matrix
i = Interface
u, ult = Ultimate
L = Limit
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I.L.S, = Interlaminar Shear ■
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CHAPTER ORE
INTRODUCTION
Composite materials from straw reinforced mud to glass reinforced 
plastic and steel reinforced concrete have been used successfully for 
many years but it is only recently that a major research effort has been 
devoted to a full understanding of their behaviour. The majority of 
materials are composites in that they consist of more than one phase but 
composite materials as a class of materials are normally restricted to 
systems containing macroscopically and physically separable phases. The 
basic principle of composite materials is that a material with superior 
and often unique properties, or combination of properties, can be obtained 
by the incorporation of two or more component materials* In theory any 
two materials could be considered for combination but practical and economic
factors severely limit the number of successful systems. Most success has
been achieved in the strengthening of polymeric matrices by fibrous 
reinforcement but ceramic and metallic matrices, and non-mechanical properties, 
are equally open to improvement by the composite material principle. Only 
polymeric matrices are considered in this work. V
The incorporation of a fibre into a matrix creates a third region,
namely the interface, which has been shown to have an important effect on the 
properties of the composite. The interface between the two constituents may 
be the physical boundary, or it may be a thin layer due to a fibre surface 
treatment which may modify the bulk matrix properties locally. In some 
cases a separate reaction product can be formed by the interaction of the 
two components during either fabrication or in-service use. The properties 
of the interface have been shown to have a pronounced effect on the strength 
and toughness of the composite.
The value of the composite material principle can be seen by considering 
the combination of a glass and a polymer. Bulk glass has a brittle failure 
mode; a low strength coupled with high scatter, and is consequently of little
structural value. IThen glass is drawn into small diameter fibres, and steps
1 .
are taken during manufacture to limit the occurrence of flaws, it is possible 
to achieve extremely high tensile strengths, up to E/10. A bundle of these 
glass fibres is, however, still not a complete structural material, because 
although tensile failure occurs at a high stress the fibre bundle has no 
compressive, shear or transverse properties. In addition, surface degradation 
through abrasion between fibres, or contact with the service environment, 
would reduce the tensile properties of the fibre bundle.
Polymers are used for low stress, non-critical and space filling 
applications but are not normally considered for structural purposes. They 
frequently have a low stiffness, low strength, poor toughness and poor creep 
performance compared to their metal competitors. However, they do have good 
chemical and electrical properties and engineering thermoplastics are 
replacing some metallic components in medium stress areas.
If the small diameter glass fibres are added to the :polymer matrix 
the well-known and extensively used class of structural materials, the glass ; 
reinforced plastics, are obtained. The polymer now serves to bind the fibres 
together, and to transfer stress to and between the fibres. The polymer 
matrix enables shear, compression and transverse loads to be carried. The 
polymer also protects the fibres against the environment, and provides the 
material with the basis of good chemical and electrical properties. 
Interestingly, the first glass fibres used to reinforce polymers were of 
a composition formulated for good electrical properties for use in 
insulation tapes. The fibres, because of their high modulus relative to 
the polymer, carry the majority of the load and provide the stiffness and 
strength required in structural applications.
The low density of the polymer and the glass results in further enhancement 
of the properties'.when-expressed as specific properties (ie strength per 
irnit weight). Reinforced plastics, both thermoplastic and thermoset are 
in substantial use in many applications, and when the polymer matrix is 
a thermoset resin the material is suitable for buildings, motor vehicles, 
boats and ships, storage tanks, factory chimneys etc. The total consumption 
of glass reinforced plastics (GRP) in the United Kingdom in 1974-was .72 
thousand tonnes, and in the EEC 379.7 thousand tonnes.
One drawback to more extensive use of GRP is the low modulus of the 
glass fibres, and hence the composite, as many structural designs are 
"stiffness limited”. The advent of higher modulus fibres, especially in 
continuous form with reproducible properties, initiated the increased 
research effort of the last few years. However^the low modulus of GRP 
may have ensured that early designs'were- successful, as the amount of 
material required to make a structure "stiff enough" was also likely to 
make it "strong enough”.
It is possible to obtain an endless variety of composite materials 
by the selection of different fibres, matrices and interfacial conditions; 
by the selection of different fibre forms, a second fibre or the use• 
of a second fibre format (eg weave and mat); and.by the addition of other 
phases (ie fillers or a rubber to toughen the matrix) or materials .
(eg foams, metal members). In addition, the volume fractions of the 
components can be selected and local variations, such as additional aligned 
fibre In a high stress region, are possible. If a designer is to design in 
composite materials, information should be available ideally for the . 
candidate materials* mechanical and non-mechanical ( eg water absorption and 
chemical residance) properties for the expected service conditions. It is 
obviously impossible to provide experimentally all the relevant data for 
all possible composite materials.
It is thus necessary to be able to predict the performance within as narrow 
band-width as possible,so that? experimental material and/or product evaluation 
can be restricted to a short list of favourable candidate materials. Real 
- advantage can be taken of the ability to design the composite material 
itself if the predictive theories established enable the designer to 
formulate the most economical material while still providing the required 
properties.
The wide spectrum and detailed variations possible in composite 
materials leadsto increased difficulty in specifying standard test methods 
and standard materials. This lack of standard data, particularly for use 
in design procedures, has been a factor in preventing the technological 
application of these materials to a level commensurate with the level of 
materials research. On the other hand, mention of "standard materials’1 
is in direct opposition to the above discussed virtue of flexibility of 
material design. '
A further factor is that until recently a composite material was 
supplied as fibre and matrix by separate manufacturers and the fabricator 
. was responsible for not only forming the structural unit required but also 
for forming the composite material itself. The fabrication was normally 
carried out by small firms using labour intensive processes. Although the 
. component materials could be supplied to a high and consistent standard 
the resultant composite material was often of a low grade with a large 
scatter in performance. This situation is being, improved by the use of 
new and extensively automated fabrication processes and by the supply of 
composite materials as a complete formulation requiring only a combination 
of heat and temperature to form it. Difficulties can still exist with 
non-uniform fibre alignment and dispersion.
The mechanical properties of composite materials can be considered in 
three basic areas; stiffness, strength and toughness.
There are many theories concerning the stiffness of the composite and 
predictions based on the properties of the constituents, especially for 
short-term elastic behaviour, give good agreement with experimental results. 
The' strength of composites has been similarly studied but the majority 
of theoretical and experimental research has considered properties along 
the fibre direction. Theories suitable for predicting the strength are 
available but because strength is more dependent than stiffness on the 
detailed interaction between the fibres, the matrix, the interface, and 
the presence of defects; the same certainly cannot be given to theoretical 
predictions.
The toughness of composite is least well understood. Although many 
energy absorption processes have been suggested, there is considerable 
discussion on the relative importance of these processes. Correlations 
between theory and experiment are normally restricted to one system, and 
are dependent on a thorough analysis of the failure mode, which includes 
a post-failure analysis of the features of the fracture surfaces. The 
toughness of a composite is even more dependent on the interactions 
described above for strength properties, and it is not normally possible 
to accurately predict the toughness of an untested system. The toughness 
of composites is perhaps the most significant of the "reinforced properties" 
as high toughness can be achieved even though the constituent materials 
are characterised by a low toughness. This is in contrast to stiffness 
or strength properties where one material must have a high value of the 
required property. It is difficult to define the term "toughness" with 
the same exactitude as stiffness or strength. This difficulty is compounded 
by the associated problem of specifying suitable test methods, particularly 
universal methods suitable for materials with a wide range of anisotropy. 
Similar but lesser difficulties are also found in isotropic materials but 
methods are being developed to resolve some of the problems.
The interpretation of a material's toughness is. particularly dependent on 
the envisaged service conditions and the definition of failure used.
The toughness of a material has a particular importance for the 
reliability of a component or structure during its service life. The 
majority of service failures are due to either impact loads, or long 
term loads (eg fatigue or creep loads). One measure of toughness is this 
susceptibility of a material to failure under impact loads. In practice 
a combination of loading and environmental conditions exist but even in 
cases where impact loads are entirely absent the toughness of a material 
can control the rate of propagation of damage (eg cracks) initiated by 
other load histories. Because of the effect that material toughness has 
on reliability and thus on the safety factors that must be used in design 
procedures, the toughness of a material can affect the economy of a design 
and thus its chances of successful development and production; even when 
not a prime design factor. Consequently It is of vital Importance to be 
able to measure the toughness of a material and impact tests are normally 
used for this purpose.
Impact tests are an established method for measuring the toughness of 
materials and the resultant experimental data is normally referred to as 
the "impact strength" of the material. This terminology and the test 
methods are open to debate in the same manner as toughness above, but 
lab oratory-sc ale impact tests do have an advantage in Being a cheap and
simple test method. Data from these tests is the only easily available.
information (eg listed in materials manufacturers' technical data sheets) 
for comparing different materials or for relating to service conditions. 
Full scale impact tests on components and structures can also be undertaken 
under simulated service conditions.
This later type of test must frequently be carried out due to the inability, 
for all types of materials, to use laboratory impact test data in the design of 
components and structures.
Although impact tests have been conducted for a wide range of composite 
materials, with particular emphasis on high performance materials, little 
facility exists for the prediction of performance based on the properties 
of the component materials. In addition it has not been possible to compare 
results obtained by different test methods, or different size specimens for 
the same test method. In common with data produced for isotropic materials 
it has not been possible to accurately compare competing materials or to 
relate this data to service performance. It was apparent that several 
difficulties existed in the prediction, experimental determination and use 
of impact data as a measure of the toughness of composite materials.
The aim of the work reported here was to study and quantify the effect 
of the component material properties on the impact performance of fibre 
reinforced plastics as evaluated using a Charpy impact test; and to 
critically assess both the effect of the component materials and of the 
test method on the data produced and the relevance of that data.
The material parameters studied using a Charpy impact test were fibre 
and matrix properties, fibre diameter and fibre volume fraction in aligned 
composites. In the majority of tests the specimen axis was along the fibre 
axis, but in some cases the specimen axis was transverse to the fibre axis.
All these materials were fabricated in the laboratory. This impact test 
was also used to evaluate a range of commercial materials which included 
more complex fibre geometries such as mats, fabrics and cross-plies. In 
all cases notched and unnotched specimens were tested and the performance 
related to the properties of the component materials.
To assist in the interpretation of the failure modes occurring in 
the impact tests, slow rate flexure tests using identical specimens and 
test geometry were undertaken; In addition to the load-displacement 
curves and visual observations made during the test, failure analysis 
made use of optical and scanning electron microscopic observations of 
tested specimens.
The second, and equally important aim of this work was to consider 
during the experimental evaluation the questions given below regarding the 
value of the experimental data produced. In considering these questions 
material parameters were not necessarily limited to those studied 
experimentally. The questions to be considered were as follows:-
1. Do the actual test conditions of the Charpy impact test dictate, or 
affect the failure mode and the resultant measure of impact performance?
2. Can the Charpy impact test method be universally applied to all types 
of reinforced plastics?
3. Is the data produced by the Charpy impact test an accurate and
sufficient measure of the impact performance of fibre reinforced plastics?
A. Is the data produced by the Charpy impact test a sufficient measure
of the toughness of fibre reinforced plastics?
3. Can the toughness/impact performance of an unknown material be 
predicted from basic data on the component materials in the same manner 
as stiffness properties and to an increasing extent strength properties?
6. Can the data produced be used in design procedures?
These ?/ider implications are particularly appropriate to a collaborative 
thesis undertaken between a technological university and a national standards 
laboratory.
It became apparant during the execution of this research programme that 
there were severe limitations to the present Charpy-type impact test and that 
alternative evaluation techniques were required.
The alternative techniques suggested were considered likely to be of 
greater value for basic research into composite materials, and more 
important in the understanding of, and design for, satisfactory service
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impact performance, than impact tests on laboratory specimens. '
The work undertaken is reported in the following chapters. In order 
to analyse the failure modes found in the experimental evaluation, and in. 
order to consider fully the implications of the Charpy test method, a 
comprehensive review of component materials, interfaces and mechanical 
properties (stiffness and strength) of fibrous composites was undertaken. 
Only a shortened version of this review has been included in the main 
text in order to clarify the presentation of the analysis of impact 
performance.
The toughness of fibrous composites, including the types of impact 
test available, impact data for fibre reinforced plastics and energy 
absorption mechanisms, is reviewed separately in the following chapter.
The experimental programme, including the materials, fabrication, 
test and analysis techniques used, are then reported. In the following 
chapter the results of mechanical tests and fracturegraphlc examination 
are presented. A further chapter considers a framework for analysis of the 
experimental data. The detailed interpretation of the data based on this 
framework is given in the following chapter. The influence of component 
material properties etc. on specimen response in the Charpy impact test 
and the value of the data produced is considered in a final Discussion 
chapter which precedes recommendations for further work and the main 
conclusions arising from this work.
CHAPTER TWO
REVIEW OF COMPONENT MATERIALS, INTERFACES M D  THE STIFFNESS M D  STRENGTH 
OF FIBROUS COMPOSITE MATERIALS
2.0. Introduction
Interpretation of the effects of material parameters on the impact 
performance of fibre reinforced plastics requires a full understanding of 
the effect of these same parameters on the standard strength and stiffness 
properties of these composites. An integral part of this understanding is 
an appreciation of the character of the fibre, matrix and interface. 
Characterisation of the strength of the interface is particularly difficult.
The appreciation of the character of both the components and the 
resultant composite must be widely based if the value of impact tests as 
a universal test method for fibre reinforced plastics is to be assessed.
An extensive survey of properties has been carried out (1—4 ), but only 
a shortened version will be presented here. y
2.1. Component Materials in Fibre Reinforced Plastics
There are a. large number of materials in which a second phase has. 
been intentionally added in order to modify the properties of the base 
material. The composite materials of interest in this work are those 
in which a polymer matrix is substantially improved in its mechanical 
properties by the addition of a second phase in the form of fibres.
Secondary modification of the matrix by a non-fibrous phase (e.g. 
a plasticiser) is not excluded. The properties of selected reinforcing 
fibres and polymeric matrices are considered in the following sub­
sections.
2.1.1 Reinforcing Fibres 
(a) Glass Fibres
Glass fibres are the highest tonnage continuous fibre 
in present use. The majority of this tonnage is the original 
lime-alumina-borosilicate glass developed for electrical applications 
and commercially designatedf,E" glass. Other compositions of glass 
have been developed with specific properties but only the alkali 
resistant tCemfil* fibre is likely to be produced in large tonnages. 
Glass fibres are normally drai’jn in continuous lengths from a multiple 
bushing platinum crucible containing the melt, with a diameter between 
9 u.m and 15 pm. • The fibre can be processed further to produce
different formats such as chopped strand mats and woven fabrics.
Surface coatings for both the protection of the fibre surface and 
improved interfacial bonding are normally applied. The basic properties 
are given in figure 1.
The Young1 s modulus of E glass fibres can normally be assumed to 
be 72 G2T/m“ with little dependence on fibre diameter but the fibre 
strength is less easily characterised. Firstly if the full precautions 
taken by Thomas (5) in his laboratory experiments are not taken then 
a fall in strength, as shown in figure 2, is normally obtained as the 
fibre diameter is increased. Proctor (6) obtained similar strength 
levels to Thomas for the much larger diameter of 8 mm in surface etched 
soda glass rods. Secondly the surface defects responsible for low 
strength can result in static fatigue failures due-to the presence of 
moisture. Failure occurs after a period of time under an initial 
non—failing load due to a stress corrosion-type mechanism. This effect 
can be reduced by shortening the time of exposure and by reducing the 
humidity of the test atmosphere. Reduced temperatures, vacuum 
environments and rapid loading tests (7—9) ail reduce the effect of
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the absorbed, water. Under the optimum conditions strengths close to 
the theoretical predictions of E/10 have been obtained but these 
strengths are not realised in commercial production. Commercial fibres 
have a dispersion in strength values both between individual fibres 
and along the length of an individual fibre. This results, as 
detailed in 2.3 , in a lower bundle strength than expected from the
‘ ' • -k
average fibre strength. Additional degradation in properties can occur
during fabrication particularly if poor techniques are used.
("b) Carbon Fibres
A major disadvantage of glass fibres for structural
designs is the low Young*s modulus so that the availability of carbon
fibres with high strength and stiffness provided a major impetus to
the development of advanced composite materials. The basis of the high
modulus is the basal C-plane structure of the graphite crystal which
has a modulus within the plane of 1000 Gll/m^ . The modulus perpendicular
2to the C-plane is only 35 Gil/m so that the aim of all the different 
fabrication routes (10-13) is to align the C-planes along the fibre 
axis. In the UK the RAE process (10) is used for carbon fibre
production by the oxidation and carbonisation of a polyacrylonitrile
(PAU) fibre. The properties obtained depend on the final heat 
treatment temperature and the fibre types available commercially are 
Type I (high modulus), Type II (high strength) and Type III (high
failure strain). These fibres have YoungTs Moduli of 380, 250 and
o o
200 Gll/m , and ultimate tensile strengths of 1700, 2850 and 2250 ME/m
respectively (see figure 1). The general trend in properties with
heat treatment temperature is shown in figure 3. The fall-off in
strength at the highest temperatures has been suggested (14) to be
due to occluded dust particles as clean-room conditions enable high
strengths to be obtained (eg 80% higher for 2500 °C heat-treated
fibres). High modulus and high strength can be obtained together also 
by the use of an additional hot-stretch (15) of the fibres as used in 
the production of carbon fibres from cellulose (11). The diameter of 
carbon fibres is approximately 8 to 9 so that secondary processing 
can use glass fibre technology.
(c) Other Continuous Ceramic Fibres
Three other commercial fibres with similar high - 
strength and modulus properties are all produced in large diameters of 
100 p.m or greater. Alumina is grown as a single crystal from the 
melt, whereas both boron and silicon carbide are produced by vapour 
deposition onto a fine tungsten substrate wire (16). Alumina only 
became a commercial proposition recently with the development of growth 
techniques allowing high growth rates of continuous filaments (17).
The high temperature strength and creep performance (18) of these . 
fibres may make them particularly suitable for improving the creep 
performance of high temperature alloys.
The core in boron and silicon carbide increases the density of 
these fibres and also,because of the different thermal coefficients of 
core and fibre,results in residual thermal stresses which are a source 
of early transverse failure of these fibres (19).
(a) Organic Fibres
Although polypropylene, as shredded film, has been 
used to reinforce concrete to give improved impact resistance to 
concrete -pile end-caps the first high performance organic fibre has 
only recently been released by Uu-Pont. The Kevlar or PRD-49 series 
of fibres are fibrillar aromatic polyamide materials with high 
strength, a Young*s modulus approximately twice that of glass and a 
density of only 1.45 gm/cc (cf E glass at 2.56 gm/cc).
As with carbon fibres, the fibre diameter of 12 p.m allows glass
fibre technology to be utilised. However, the fibres are weak in 
compression so that a second fibre, such as boron, is required to be. 
introduced into the compression face of a beam (20).
(e) Metallic Fibres
The higher density of metallic fibres coupled with 
the absence of cheap production techniques has prevented any major 
research or development into metallic fibre reinforced plastics. However, 
metal fibres are used both as rods and wire for reinforcing concrete.
(f) Discontinuous Reinforcement ' 
Discontinuous reinforcement includes chopped
continuous fibres (see above), as well as asbestos and single crystal 
whiskers. Chopped continuous fibre can have lengths from 50 mm in 
chopped strand mat to a few millimeters in injection moulded 
thermoplastics. Asbestos is a naturally occurring mineral,, of several 
types, consisting of lath-like crystals built up from individual 
fibrils 0.1 pm thick which partially breakdown during processing to 
give a range of fibre length/diameter ratios (aspect ratio) (21).
Whiskers can be grown in both metallic and non-metallic materials and 
are up to 20 mm long and a few Angstroms to 100 pm thick. Although 
high strength and modulus values are obtainable the growth, sorting 
and incorporation into composites is tedious and consequently not 
always economic (22,23).
It is shown later that continuous fibres are favoured if the 
maximum reinforcing efficiency is to be obtained.' The ceramic based 
fibres are used most extensively because their covalent structure 
results in high theoretical strengths in perfect structures, together 
with a low density which allow high specific values of strength (c/p)
and modulus (~/p) to-be obtained. Glass fibre because of its low', cost 
has accounted for the majority of reinforced plastics but asbestos 
fibre, at least, until increased public concern over its health 
hazards, was also a principal reinforcement for low strength 
applications. Kevlar fibres are making major inroads into composite 
production through a combination of cost, good performance and low 
density. In spite of the research effort into carbon fibres their 
acceptance and application has been slow. The improved design methods 
etc developed to use these high performance materials is being of 
benefit to lower performance fibres such as glass. It should be noted 
that while glass, boron and silicon carbide are relatively isotropic, 
Kevlar and carbon fibres are highly anisotropic with high axial 
stiffness and strength but low transverse and shear properties.
2.1.2 Polymer Matrix Materials
A wide choice of materials can be reinforced,from extensible 
rubbers and ductile metals to brittle ceramics. The main concern of 
this work is with the stiff polymeric materials such as the thermoset 
resins and the engineering thermoplastics. Ceramics can be considered 
to be similar in behaviour to brittle thermosets but they are more 
difficult to fabricate often requiring high processing temperatures 
with the significant commercial exceptions of concrete, cement and 
plaster. Metallic matrices also require high temperature fabrication 
and exhibit varying degrees of ductility. It should be noted that the 
majority.of early theoretical research was undertaken with ductile 
metal matrices.
(a) Thermoset Polymers
I ’[hen cured thermoset resins have a strong co—valently bonded 
three dimensional structure which once formed is not capable of further
softening and re-fabrication. These resins were the first polymers to 
be reinforced and polyester resins still provide the major tonnage of 
reinforced plastics.
The advantages of polyester resins are their low cost, low 
viscosity and high versatility; whereas their disadvantages include high 
curing shrinkage (eg.5-12$), poor bonding to glass and limited pot 
life of the catalysis. The physical properties of the polyester are 
dependent on the degree of cross-linking or the distance between 
cross linking sites. The cure of the polyester by the monomer, usually 
styrene, between points of unsaturation in the polyester chain 
requires the separate addition of both an accelerator and a catalyst.
The higher the points of unsaturation, ie possible cross-linking 
sites, the higher the resultant strength, chemical and thermal 
properties (24). Resins normally have high strengths and low failure 
strains. Flexible resins with low strengths but failure strains up 
to 200% can be formulated and blended with standard resins to give 
intermediate properties. Flexible resins also have a lower heat 
distortion temperature and poorer chemical resistance.
Epoxy resins have several advantages over polyester resins but 
because of their higher cost are normally only used for critical 
applications. Particular advantages of epoxy resins, compared to 
polyesters, are lower curing shrinkage, better adhesive properties, 
improved high temperature resistance and higher toughness. It is 
possible as with polyesters to use "molecular engineering" to alter the 
properties of the uncured and cured resins (25). Commercially, 
extensive variations for both resins are available. Cross linking in 
epoxy systems requires the introduction of a chemical hardener. As 
cross linking occurs via the hardener significant quantities,. 10—15% 
by weight, are required which have a direct effect cn the properties
of the cured resin. Further increases in toughness can he obtained by 
incoperating a finely dispersed rubber phase (26).
(b) Thermoplastic Polymers
Thermoplastic polymers are fabricated by heating until a viscous 
melt is obtained, "flowing" the material into the required shape and 
cooling to set the shape. As no chemical reaction occurs during 
fabrication it is possible to re-shape the material by reheating. 
Thermoplastics are relatively expensive and their forming processes 
make them most suitable for mass, production of small items. 
Thermoplastics resins can be either amphorous or show varying degrees 
of crystallinity. Typical reinforced thermoplastics-are glass ' 
reinforced nylon and polypropylene.
Typical properties for both thermoplastic and thermoset polymers 
are given in figure 1. The mechanical properties of all polymeric 
materials are very dependent on the test temperature and strain rate. 
Reducing the temperature embrittles the polymer, particularly if it 
passes through the rubber/glass transition temperature known as the 
Tg, as does the use of higher rates of testing. • Elevated temperatures 
and slower test rates tend to soften the polymer. For instance 
Ishai (27) tested an epoxy resin and obtained a strength of 82 MF/m
and a failure strain of 0 . 3 for a test conducted at 17 °C and a
—1 —1strain rate of 2.5 min . Corresponding results at 66 °C and 1 min
2vrere approximately 0.7 MF/m and >30Jo,
Polymeric materials are very suitable for reinforcement as they 
can be easily fabricated (cf ceramics and metals) at room or slightly 
elevated temperatures, wet-out the fibres reasonably well, have good 
chemical and environmental resistance and a low density. They are , 
though,limited in their high temperature performance and while high
temperature polymers are available they are associated with more 
difficult fabrication techniques. Their low moduli result in high 
modular ratios (eg Ef/E^) when reinforced by any of the commercial 
fibres. There is also normally a high ratio of thermal expansion 
coefficients as polymers have high expansion coefficients.
2.2 Interfaces in Fibrous Composite Materials '
2.2.1 Stress Concentrations
It was indicated in the Introduction that the interface had 
a considerable effect on the properties of a composite material. The 
interface only exists when the components come into contact, and is 
therefore a function of both the components themselves,including 
any fibre surface treatment,and the thermo-mechanical interaction 
between the components which manifests itself at the interface. For 
instance, residual stresses due to differential thermal contraction on
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cooling from the fabrication temperature can be particularly 
destructive leading to instantaneous failure on cooling in high • 
temperature fabricated reinforced ceramics (28). Thermal microcracking 
has also been observed in carbon fibre/epoxy crossply laminates (2 9).
Although many investigations have studied the residual stresses 
due to curing and/or thermal contraction the implications for the 
failure stress can be shown by reference to Asamoah and Wood?s ' 
paper (30). At low volume fractions when'each fibre is surrounded by 
a large volume of resin the high differential coefficient of thermal 
expansion (contraction) produces a compressive stress at the 
interface. As the volume fraction (Vp) is increased, ie the inter-fibre 
distance is reduced, the residual compressive stress increased until 
at a critical Vp the residual stress changes to tension along part 
of the fibre circumference as shown in figure.4 . This latter situation
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occurs at Yf greater than .7 4 when effectively a tricorn of resin is 
surrounded hy a continuous phase of glass and the resin contracts away 
from the glass in regions remote from fibre-fibre contact points 
producing in this case a tehsile stress of 15 IW/m" at maximum Vp. In 
considering the stress distribution due to an applied load the 
possible presence of residual radial and longitudinal stresses should 
he remembered.
The reinforcement of a matrix depends on the ability to transfer 
load from the matrix to the fibre. This load transfer occurs by shear 
stresses at the interface and will be limited by either insufficient 
length of the fibre or by the shear strength of the interface (or matrix 
if interface strength greater than matrix strength) or ultimately by 
the strength of the fibre. Consequently the study of stress transfer 
and the strength of the interface is of particular importance to 
composite theory. The original analysis due to Cox (31) and similar 
analyses (3 2) predicted a linear build-up of shear stress towards 
the fibre end; but later analyses by finite element methods such as 
that reported by Carrara and McGarry (33) predicted a much faster 
build-up with a peak value approximately twice that obtained by Cox 
for a fibre not bonded across its end face (figure 5 ). For the case 
of a fully bonded fibre the finite element analysis predicted a sharp 
drop in stress at the fibre tip. Although this fall-off has been 
confirmed experimentally the difficulties of photoelastic observations
in this high stress region prevented several experimental papers 
considering the complete length of discontinuous fibre.
These studies have normally considered a single fibre surrounded 
by matrix whereas in practice each fibre has many close neighbours 
and discontinuities due to overlapping fibre ends, fibre breaks and 
voids are present. A particularly important result for the behaviour
of composites is that due to a fibre break. Two square ended-aligned 
fibres with either void or matrix between them under axial stress have 
been considered (34)» The stress concentration factor (SCF) was 
found to be highest when the' gap was filled with a void and the SCF 
increased with decreasing gap wridth. A SCF equal to 6 was obtained 
for a gap width equal to the fibre diameter so that for the.very 
narrow gap expected in a just failed fibre an extrapolated result would 
be very high. Care must also be exercised in applying results obtained 
for one system to a different system as the SCF calculated is 
frequently very.dependent on the modular ratio, ie ratios of E^/E^ from 
2 to 3000 have been used in different investigations. For instance 
MacLaughlin and Barker (35) stated that the shear SCF varied from 6 at 
Ef/Ejn = 20 to 18 at Ef/Em = 120. These analyses are based on elastic 
behaviour whereas it is probable that the high stresses in regions of 
stress concentration will result in yielding or failure so that, for 
instance, debonding of the brokened fibre ends will reduce greatly the 
high SCF predicted. The effect of a fibre break on the stress in 
neighbouring fibres has been calculated by Hedgepath and Van Dyke (36) 
but Lockett (37) considered these values to be pessimistic and suggested 
that a modified shear-lag analysis should be used. .
The majority of the work described above has used models systems 
with large diameter fibres but Wadsworth and Spilling (3 8) observed 
the stress situation resulting from the fracture of Type 1 commercial 
carbon fibres both surface treated and untreated. Single fibres and 
small bundles of fibres were embedded in resin and bonded to a 
supporting aluminium plate which maintained a uniform strain distribution 
on loading. The multiple fracture of the fibres on straining was 
observed by optical microscopy. For the untreated fibre debonding 
occurred along the broken fibre ends, at each fibre fracture, which
allowed the fibre ends to relax away from each other by 9 pni. The 
critical transfer length was deduced from the unfractured lengths of 
the fibre, using a. fibre failure strength of approximately twice the 
normal 50 mm gauge length value as being appropriate to the gauge length 
of the unfractured length of fibre, to be 1200 pm resulting in a 
shear failure stress of 6 MtST/m . In contrast a surface treated fibre 
with improved interface adhesion resulted in a much smaller gap 
(~ 1 pm) at failure with little detectable debonding but a coincident 
radial crack occurred in the matrix at the fibre break. The transfer 
length in this case was.130 pm with a shear strength calculated to be 
47 MN/m2.
The transfer of each type of behaviour could be seen in the 
performance of both the bundles and the normal bulk composite. That is, 
for the untreated fibre, fibre breaks occurred randomly followed by 
debonding which isolated each break and resulted in a fibrous final 
failure. For the surface treated fibre there was more interaction 
between fibres leading to an increased number of fibre breaks compared 
to the single fibre, and a single brittle failure crack. This type 
of approach is important because it considers in detail the individual 
failure mode of a fibre, including an estimate of the interfacial 
strength, and then successfully relates via an intermediate step this 
information to the performance of the bulk composite.
This brief review has shown that the interfacial condition has a 
major influence and this is further substantiated in sections 2.3 and 
2 .4 . This is not too surprising as one cubic centimetre of an 10 pm 
diameter, .65 \Tf composite has an interfacial surface area of 6 ,5 0 0  
square centimetres.
Consequently many attempts have been made to modify the interface 
properties to. obtain particular characteristics. It has been the
practice for some time to treat the surface of glass fibres. For 
instance, application of a silane finish (39) improved the wet strength 
retention from 33.3/ to- 95.3/ after boiling in water for two hours.
Silane coupling agents have'also been applied to carbon fibres 
embedded, in polyester resin (4 0) to improve the poor transverse and shear 
properties of the as-produced fibre. Techniques other than surface 
coatings have also been used (4^)« The success of these methods can 
be seen from the well-bonded composites tested by Wadsworth and Spilling 
which failed in a brittle manner. A notch sensitive material is 
produced if the bonding is very good.
Several observations have been reported which show that in carbon 
fibre reinforced thermoplastics a crystalline layer is grown at high y 
moulding or annealing temperatures in the matrix close to the fibre 
surface (4 2). This layer appears to transfer stress more efficiently, 
resulting in improved composite properties and suggests that an important 
method for future development is to obtain graded properties at the 
interface in order to modify the stress distribution.
2.J1.2,». Interface Gt-renajh Measurement
If the effectiveness of surface modification treatments is to 
be assessed directly and if composite material properties are to be 
predicted it is necessary to be able to'characterise the strength of 
the interface. Many methods have been siiggested to obtain information 
on interface properties based on the use of plate specimens of the 
component materials, model systems of single fibres embedded in a 
cylinder of matrix or observations on the actual composites. The 
chemical nature of the interface is not discussed in this review.
(a) Plate specimens
Plate specimens have several practical advantages such as easy 
preparation and variable failure modes using different plate loading
geometries. Strength values in shear for epoxy and polyester, resins
2have heen reported (43) to be in the range 0 .4  - 16 MN/m and 
0 .7  ~ 3 .5 MN/m respectively, with.-lower values recorded in tension for 
epoxy resins only. Good correlation was obtained by Ito (4 4) between ' 
the results of lap strength tests and laminate properties in spite of 
the difference in geometry and possible differences in surface 
condition. These plate methods, which are used for assessing the 
performance of adhesives, have not been extensively employed for 
interface evaluation in composites.
(b ) Model Specimens
Several test methods are based on the shear or tensile interface failure 
of a single reinforcing filament embedded in a block of matrix.
Different geometries are available to obtain the required failure mode 
so that the fibre may be pulled-out, pushed through or twisted out 
cf a block of matrix, or a fibre fully embedded in a cylinder of matrix 
can be loaded in compression (see figure 6). Pull out tests (test 
geometry-mode i) are particularly favoured because of their physical 
resemblance to the failure of a-composite material, ease of, preparation 
and high sensitivity to interface failure. The friction stress during 
pull-out of the fibre can be obtained as well as the interface failure 
stress. . The load in the fibre (Pf) is normally equated to an average 
shear stress (t) acting over the embedded length 1, though techniques 
exist for analysing the data for non-linear, stress distributions (4 5).
The maximum length of fibre that can be pulled out is lc/2 when the 
fibre load is equal to its failure stress (of), so that for small 
diameter fibres only short lengths can be embedded (4 6). The load 
balance at the interface for the maximum embedded fibre length lc/ 2  is 
given by
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FIG 6 SINGLE FILAMENT INTERFACE STRENGTH MEASUREMENT SPECIMENS.
which can be rewritten as
ff = Xc
2t: dp.
The compression loaded^test modes (IV to VIII) avoids the 
limitations set by the fibre tensile load carrying capacity. Compression, 
loading of modes IV and V. results in a tension-stress at the 
interface due to differential Poisson expansion as for these
systems. While compression loading of modes VIT VII and VIII 
generates shear stresses at the fibre ends.
Care must be exercised in the use of the results of these tests; 
Hawthorne and Teghtsoonian (47) found for several different types of 
carbon fibres that the interface failure in compression loaded 
specimens was in fact under detailed examination found to be initiated 
by compression/shear failure in the fibres, and Bowdon (4 8) found that 
the pull-out failure'stress and sliding friction stress were 
influenced directly by residual compression stresses. Comparisons 
between different test modes do not give good agreement as shown in
reference 47 where the compression shear strength of 55 MN/m for a
^  ' 2 ' 
pitched based carbon fibre (E = 294 GN/m ) did not agree with the value
2of 8.3 MN/m obtained for a similar fibre using the pull-out test (49)*
((c) Bulk Composite Properties
Observations on the actual composites can also be used as 
indications of the interface properties. The ultimate strength of 
discontinuous composites is related to the fibre length, see 
section 2.4 . Hancock and Cuthbertson (50) using this approach found 
that the critical fibre length equals.12*7 mm yielding an interface
2strength of 0.9 M / m  for a discontinuous glass fibre/epoxy composite.
2These authors obtained a second estimate of 9.5 MN/m from a direct 
shear test hut the interpretation is open to some'.doubt as to the 
applicability of a law of mixtures relationship for the shear strength
I
of the composite. The calculated value is also very dependent on the 
interface area fraction assumed, to be in the fracture surface. The 
shear strength measured in the interlaminar shear test has been used 
extensively in carbon fibre composites to monitor the effect of fibre 
surface treatments. The shear stress is independent of the span for a 
constant depth specimen so that as the span is reduced a shear 
failure becomes more favourable compared to a flexure failure. The 
range of span-to-depths used for these tests is from 3 to 8 but values 
of 5-6 are normally recommended. The maximum span-to-depth (s /d )  
ratio that can be used for shear tests is equal to cr/2v where o" is 
the flexure failure stress and t is the interlaminar shear stress ' 
(i.L.S.S.). The main difficulties with this test is that frequently 
failure does not occur in shear and that the shear stress is non- 
uniform (5 1). Kedward (5 2) found for a beam width-to-depth equal to 
5 shear stress concentrations factors are 1.5 and 1.2 for aligned 
glass and carbon fibre composites respectively.
Further estimates of the interface strength can be obtained from > 
fracturegraphic observations. The multiple fracture of fibres has 
already been discussed above (3 8), a similar analysis can be applied 
to- multiple fracture of the matrix. In both cases the unbroken 
lengths of fibre or matrix are between lc and 21c long. It is also 
possible to measure the lengths of fibre pulled out from the opposite 
fracture face. The longest length that can be pulled out is lc/2 and 
as the pull-out lengths vary from zero to lc/2 the average pull-out 
length equals lc/4. Ongchin et al (53) determined lc for high and
low adhesion interfaces in glass fibre/high density polyethylene as 
I.9 8 113111 an<3- 5 nun from multiple fracture observations and 1.86 mm and 
5 mm from the lengths of pulled-out fibres. Bader and Bowyer
suggested that for reinforced thermoplastics that the critical fibre '
/
length was strain'dependent and increased with increasing applied 
strain (54) s° that more fibres became sub-critical as the applied 
strain was increased.
It is apparent from this brief summary that severe stress 
concentrations can exist at fibre ends etc and that high stress transfer 
requires a high interfacial bond strength. Many different methods are 
available for measuring this interface strength .but because no 
detailed comparison using one material system has been undertaken it 
is not possible to compare directly these methods. The plate 
specimens have several practical advantages which may outweigh their 
disadvantages and appear to be worthy of further study. In all these 
tests failure is likely to occur due.to undefined stress concentrations 
so that for the determination of absolute values more sophisticated 
analyses must be employed. Measurements on bulk materials do at least 
use the actual fibre and matrix but care is again required in the 
interpretation of the resulting data..
2.3 The Stiffness Properties of Fibrous Composite Materials
The high stiffness of the reinforcement relative to the 
matrix (ie E^/e^ > 2 5) ensures that the elastic, properties of the 
composite are very sensitive to the volume fraction, aspect ratio and
I
orientation of the reinforcement. The geometry that has been studied 
in most detail is the fully aligned continuous fibre case where 
transverse isotropy can be assumed so that full characterisation of 
the elastic properties can be obtained by five independent elastic
constants.
Hill (55) found by a rigorous method that the lower bound for the 
Young’s modulus along the fibre direction (E-j) was given with 
sufficient accuracy by the law of mixtures. That is E-] = E^V^ + EmVm 
where E^ and Em are the Young’s Modulus of the fibre and matrix 
respectively and Yf and ¥m are the relative volume fraction of 
these phases. This equation has given good agreement with experimental 
results in a variety of systems. The other elastic constants (eg 
transverse and shear) do not increase so rapidly with volume fraction 
or modulus ratio as shown by Heaton (5 6). in figure 7. These theories 
are based on a uniform array of equal sized fibres but Hashin and 
Rosen (57) considered a construction termed the "composite cylinder 
assemblage" to be more representative of a practical composite. This 
model consists of individual fibres surrounded by a sleeve of the 
required volume fraction of matrix, for the composite packed 
together with smaller and smaller composite cylinders filling the 
interstices. Their recommended equations for predicting the moduli are 
given in figure 8. Dean and Turner (5 8) obtained good agreement with 
these theories for carbon fibre/epoxy composites and were able to 
deduce the full elastic properties of the fibres. This is particularly 
important for anisotropic fibres such as carbon fibres where it is 
difficult to determine the transverse and shear properties directly.
The results they obtained are given below for an experimentally 
estimated Poisson ratio of 0.35 f°r both fibre types. The greater degree 
of anisotropy in Type I fibres due to the higher heat-treatment 
temperature is clearly apparent.
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FIBRE VOLUME FRACTION (56)
and
k k + k'G 
where k m
t V.k„ + + G.m f  r m m
k = k X  + k V  f f m m
_ Gm * fo) + PVf3) ~ 3Vf\2Pm2
23 (« - Yf) d  + pv3f) - 3Vf W
y + fy :
where a =  ^■ p’ =
13
K-yVf G:f
1 + y f m
G = shear modulus
k = plane strain hulk modulus
t = composite property in transverse plane
Figure 8 Elastic stiffness equations due to Hashin and Rosen (57)
Halpin and Tsai (59) suggested that the transverse modulus can he 
expressed generally as follows:
1 + € T) Vf -j
1 -  Tl V f  j l  
f V Eir, ~ 1 1
whore * = l y v ^ J
The term B, is obtained by curve fitting procedures and a value 
of 2 has been found to result in good agreement for a range of 
systems (60). This equation predicts higher values than the simplest 
approach possible of an inverse law of mixtures equation.
The modulus along the fibre direction for an aligned discontinuous 
composites is lower than the continuous fibre case because a portion 
of the fibre length equal to twice the transfer length (lQ = lc/2) is 
not fully loaded. If the fibre length is less than lc then at no 
point can it be fully loaded; for a length lp greater than 1Q only 
the central portion equal to lp— lc is fully loaded. So that, as 
shown by Amirbayat and Hearle (61), the efficiency increases with' 
increasing fibre length and because of the stress transfer mechanism 
(see Cox (31)) with decreasing fibre volume fraction and decreasing 
modulus ratio,
The predominate commercial use of discontinuous fibres is in two 
or three dimensional random re inf orcement (eg GSM/Me/SMC and 
injection moulded materials). The reinforcement is though not fully 
random as flow of the material particularly in thin sections induces 
a degree of local orientation. The properties of these materials 
are less anisotropic but this is countered by an additional reduction 
in the efficiency of reinforcement. Cox (31) considered the elastic 
constants offideal mats* of continuous fibres in the absence of the
[2]
matrix. For a two-dimensional array the Young*s modulus was 
calculated to be 1 /3 and the in-plane shear modulus l/8th of the 
corresponding values for the fully aligned material. The values for 
the three-dimensional array are l/6th and l/15'th respectively. The 
influence of the matrix is to add a further term equal to the matrix 
Young7s Modulus,suitably weighted by its volume fraction (62).
More isotropic properties xrithin the plane at high fibre volume 
fractions can be obtained by using alternative fibre lay-ups such as 
X'joven fabrics laminates and cross-ply laminates. In both cases poor' 
properties due to the weak interlaminar planes between laminates exist 
when suitably stressed. In order to design a cross-ply laminate . with--" 
the required stiffness it is necessary to know the effect of 
orientation on the Young7s modulus of the component element, ie an 
aligned continuous laminae of the composite. DImmock and Abraham9s (6 3) 
results for a Type I carbon fibre/epoxy agreed well with Tsai’s 
predictions (64).
Finally it should be noted that these theories have concerned . 
elastic behaviour in both the matrix and fibre. In the materials of 
interest the fibres are essentially elastic to failure but the 
matrix materials can show large deviations from linear elastic 
behaviour. In these cases a reduced matrix modulus, such as the tangent 
modulus at the applied strain should be used. Consideration should 
be given to any differences in the behaviour of the matrix in bulk and 
in-situ as noted by Kelly and Lilholt (65) for the increased rate of 
work hardening for the copper matrix in their composites and as 
suggested by Ekvall (66) in his correction factor for ^  in 
calculating the transverse modulus. Of particular note, in aligned 
continuous composite is the high axial Young’s Modulus and the
relatively low shear and. transverse moduli which results in high values 
of anisotropy (eg E-j/^).
2.4 The Strength Properties of Fibrous Composite Materials
I
2 ,4 .1 Tensile.Strength of Aligned Continuous Eihre Composites
can he hased on the relative failure strain of the components. If the 
matrix has the lower failure strain failure will occur in the matrix
at e and the load carried by the matrix transferred to the fibres.m 0
If the fibres are unable to carry this extra load failure of the 
composite will be immediate on a single fracture plane. If the fibres 
can support .the load and further load is applied the matrix will 
crack further in the multiple fracture manner (67).
The alternative situation occurs when the fibres have the lower 
failure strain. Multiple fracture of the fibre occurs at low volume 
fractions when the load shed by failed fibres can be carried by the 
matrix. Most commercial fibres are used at high volume fractions and 
for a low failure strain fibre? fracture will occur -by a single fracture 
at the fibre failure strain. This analysis assumes the matrix and 
fibre have unique failure strains. The strength for this last case 
can be obtained from the following equation:
Agreement has been obtained with this equation for ductile metal 
fibre systems where the ultimate strength is fairly uniform and 
accurately represents the fibre properties. Ceramic fibres, which have 
brittle failure modes similar to bulk ceramics, tend to have a wide
An initial classification of the failure modes possible
[3]
where cr 1 is the stress in the matrix at the fibre failure strainm
dispersion in ultimate properties with a variation in strength along
the length of an individual fibre. Statistical method are therefore 
required to describe the strength of these fibres for composite 
property prediction,
Rosen (68) used a Weibull distribution (69) to characterise fibre 
strengths where the Weibull modulus Tm J is an inverse measure of the 
variability of the fibres. The inverse of this modulus (ie i/m) can 
be equated quite accurately to 0,83 x the coefficient of variation (GY) 
(70), Coleman (7 1) used these methods to show how the bundle 
strength,expressed as the efficiency compared to the mean component 
fibre strength,varied with the coefficient of variation. For fibres 
with a CV of between 7% and 20% the bundle efficiency was predicted to 
be between 80% and 65% respectively.
These comments refer to an unbonded fibre bundle where all the fibres 
fail independently. The situation is somewhat changed in a composite.
Real fibres have a length-strength effect (72) so that failures occur 
at weak points in the fibre but the matrix diffuses the load back 
into the fibre, so that at a distance greater than the transfer 
length (1 ) from the fibre break the fibre is fully loaded again. Failure 
of the composite can occur by basically one of two’■methods, or a 
combination of them. These two modes are the cumulative effect of 
random breaks and the propagation of a brittle crack from a fibre 
break. Rosen (68) defined the cumulative or dispersed failure mode in 
terms of volume elements or cells consisting of composite assemblage 
cylinders of a length equal to the transfer or "ineffective11 length.
The ineffective length was defined as that fibre length from the break 
where the stress was less than 90% of the average fibre stress. The 
matrix was considered not to fail under the high shear stresses 
present. The composite was then considered as a series of layers of 
depth equal to the ineffective length. Rosen analysed the failure of#
a single layer of 125 jim diameter glass fibres. The first fibre failure 
occurred at less than 50% of the ultimate load but did not result in 
the propagation of a catastrophic failure. With increasing load 
further breaks were obtained with failure occurring at 1/4 of the 
predicted dispersed fracture failure load.
Zweben (73) developed this model to include the effect of stress 
concentrations due to failed fibres, and considered that final fracture 
occurred by a "cumulative fracture-propagation mode". That is failure 
depends on the probability of multiple breaks occurring. It was found 
that the failure load for a glass fibre/epoxy composite was predicted 
from the load for a multiple break of two fibres, by a single fibre 
break in boron/epoxy and by the first triple break for a whisker 
reinforced composite (74)* Coating boron fibres with graphite to 
isolate the fibre break by interface failure increased the failure load.
As with stiffness properties it is necessary to know the strength 
of an aligned composite as a function of the stress axis angle.
Stowell and Liu (75) identified three failure modes; tensile failure 
at low angles, shear failures on planes parallel to the fibre at 
intermediate angles and tensile fracture of the matrix or interface 
at the largest angles. This work predicted an increased failure stress 
at increasing angles for the first few degrees off the 0° direction 
but no clear experimental confirmation has been obtained. Cooper (7.6) 
suggested a modification to include the effect of unstressed fibres 
at the specimen edge which resulted in a fall in strength over this 
same region. Ishai and Lavengood (77) considered that except for these 
small angles the results could be described by the maximum tensile 
stress on the interfibre plane and related to the minimum value at 
9O0, ie the transverse strength,by the following equation:
0-0 = cr^/sine [4]
This gave good correlation with experimental results in several 
systems (76—79) as shown in figure 9.
The effect of orientation can also he considered hy considering 
the failure criterion for multiple stress situations. Tsai (80) 
compared several theories (eg maximum stress, maximum strain and 
maximum energy) with glass fibre/epoxy data and obtain good agreement 
in both compression and tension with the energy theory predictions as 
shown in figure 10.
The prediction of both the transverse and longitudinal shear 
strength can be based on a stress or strain concentration such as the 
Kies strain criterion (81), or on a rule of mixtures approach as used 
by Hancock and Cuthbertson (5 0). The theoretical predictions do not 
give particularly good agreement with the experimental results which 
can probably be attributed to the sensitivity of the experimental 
strength to the presence of voids, non-uniform fibre distribution and 
poor bonding at the interface.
2.4.2 , Compression Strength of Aligned Continuous Fibre Composites 
The consideration of compression failure can initially be based
.upon the Euler buckling of columns. An initial requirement is that
the specimen geometry should exclude the possibility of the whole
specimen buckling as a column. Providing the specimen shape is
sufficiently stable then buckling can only occur by buckling of the
individual fibres. For an unsupported column the Euler buckling load
is given as folloiirs for the lowest condition of a single half-wave
length buckle (8 2).
Tt2E.I
p = p . — f -  [5]
L
where L = column length, I = moment of inertia and |3 describes the 
end condition where (3 = 1 /4  for free ends, p = 1 for pin-jointed;
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(pivot) ends and (3 = 4 for fixed ends, Eried (83) found that a 3 nun- 
diameter steel rod changed its ‘buckling mode from that characteristic 
of a pivot ended column when tested alone to that characteristic of a 
fixed end or fully supported column when tested embedded in a block 
of resin. So unless the fibre was surrounded by a void it would be 
expected to be well supported by the matrix.
The buckling of a column with an elastic'foundation-was given by 
Timoshenko (82) as follows:
7t El ( 2 , 3 1^  ^ r>i(m + [6]
1 m tC  El
where m = number of half-wave lengths in the bar and 1 »  and is 
the buckle wavelength, p is the foundation constant, ie represents 
the support .along the length of the column, and if it is less than 
Aift El/l^ only one half-wave will be obtained. This type of multiple 
buckling has been observed in single fibre model systems though in one 
case it liras planar (8 4) and in another case helical (8 5).
Rosen (3?-) suggested for a plate laminate that buckling could 
occur either in-phase, deforming the matrix in shear, or out-of-phase 
when extensional deformation occurred in the matrix. The failure 
stress was predicted by Rosen from equation [jj an& [8j respectively 
for the two modes.
G
Shear mode cr =    [7]1 - v f
Extensional mode cr = 2 f.1
W f
3(1' - V„)
[8]
These equations normally seriously overpredict the failure stress 
and allowance in equation [8] for the anelastic behaviour of the resin 
at high strains did not provide sufficient correction. The use of
an influence coefficient of 0.63, which perhaps allow for the 3-D 
rather than 2—D case, has allowed good, agreement with experimental boron 
fibre/epoxy results (86) to be obtained.
Foye (87) considered that a crippling shear mode failure could 
occur based on the loss in shear stiffness under conditions of increasing 
compression stress. This phenomenon was initially observed for 
textile fabrics where the reverse situation of increasing shear 
stiffness under increasing tensile stress occurs (88). Buckling does 
not occur along the full length of the specimen, but when the 
compression stress is equivalent to the.current shear modulus the 
material will fail in a crippling mode. That is, a local instability 
consisting of a single crest and trough wave of non-uniform 
wavelength. The equation given by Foye for this failure condition was
G * . :
* •* 0 " :------r 2— [9](1 -  vf ) + vf  ( i . )
where G^* is the modulus at the prescribed strain. As the fibre 
stiffness becomes infinite this equation reduces to equation [?J.
Argon (89) has suggested that the stress for a kink band failure 
is dependent on the shear strength and the misalignment of fibres at 
an angle 6 to the specimen axis, as follows:
or = — —  [1 0 ]
P . .
The applied compression stress produces a shear stress which rotates the 
misaligned fibre elements in a sense so as to increase the shear stress. 
Shear stress concentrations develop at the extremeties of the zone which 
tend to propagate the shear collapse region at 45° to the applied 
compressive stress,
Hayashi (9 0) also used a crippling analysis but expressed the
results as a rule of mixtures, Greszczuk (91) also considered the 
compression strength to be a function of the shear modulus of the 
composite and although the strength was shown to increase with increasing 
resin, and composite, shear modulus until a true compression failure 
of the reinforcement was obtained the modulus of the resins were t 
generally very low, and the reinforcement had a large diameter and low 
compression strength so that the results may not be generally applicable. 
Several effects could reduce the predicted failure load such as 
misaligned fibres (92), misaligned stress (9"0 » voids (9 3) and 
debonding of the fibres (94)« Fried (93) obtained a straight line 
correlation between the interlaminar -shear strength (i.L, S.S.) and the 
compression strength. As Fried was able to explain the effect of voids 
on the I.L.S.S, using a fracture toughness approach it appeared that 
a similar mechanism was operative in compression and that the 
compression strength could be improved by reducing voidage or by 
increasing the energy for crack propagation along the fibre direction. 
Under a compressive stressydebonding of the interface due to 
differential Poisson expansion can occur that will reduce the support 
locally for the fibre (9 4)* These interfacial cracks may propagate - 
into axial cracks resulting in longitudinal splitting of the composite 
(95), a failure mode considered by Greszczak (9 6) to be related to the 
transverse strength of the composite.
The highest strength is expected for a pure compression failure 
of the reinforcement. This failure mode has been observed in a single 
fibre model for a carbon fibre which did not buckle when axially 
compressed but showed a succession of breaks which appeared to be 
partly shear and partly lateral splitting (8 4). It has been suggested 
that the compression failure mode of the fibres is dependent on the 
degree of anisotropy of the fibre (97). Compression failure of the
fibre has also been observed in carbon fibre composites tested in 
compression both longitudinally and transversely with the specimen 
laterally constrained (9 8). In both cases a shear failure of the fibre 
. was obtained. at-'the same f ailure stress as recorded in a tension test .
This suggests a similar failure mode for the fibres in both tension 
and compression such as the shear mode suggested by Sharp and 
Reynolds (99) - If "the gauge length was increased (100) or the temperature 
increased (98) lower failure loads were obtained.
It appears from this discussion of compression strengths that a 
succession of failure modes are possible depending on both the height 
and width of the specimen, and on the properties of the fibre and 
matrix. Thin specimens will tend to Euler-type buckling, short 
specimens with a low shear modulus fail by a micro-buckling criteria 
and for adequately supported fibres, compression failure of; the fibres 
controls failure. Voids in the resin or poorly bonded specimens may 
encourage delamination through the shear stresses present, ho attempt 
appears to have been made so far to consider the statistical aspects 
of failure, that is, the effect of an isolated fibre failure, or 
microbuckle on catastrophic failure, as has been undertaken for tensile 
strength properties.
2,4*3 Strength of ^Ron-Aligned or Discontinuous Fibre Composites
In general the strength properties of cross-ply laminates and 
woven fabrics in the plane, can be considered on the same basis as the •
stiffness properties. In the case of woven fabrics and rovings there
is an additional factor due to the weave, the degree of crimping. In .
general the higher degree of crimp found in the coarser fabrics
results in lower tension and flexure strengths, and higher impact and 
shear strengths. Increased strength properties can also be obtained 
by open weave and satin-weave fabrics where again there is a decreased
degree of crimp (101).
The strength of discontinuous fibre composites is limited by the 
loss in load carrying capacity and the smaller volume fraction of 
reinforcement that can be incorporated in random 2—D and 3-D materials. 
If the fibre lengths are below lc then all the fibres pull-out 
without failing resulting in. very, low strengths. As the proportion 
greater than lc increasesyso that fibre failure is obtained^the higher 
the resultant strength. The governing equations are as follows (102):
For lf> lc o-0 - o- Tf (1 - h )  + «r 1,Tm [ll]
f '
■ Pcr Df C L c  o-0 = V f  + °nult Tm P 21
A particular characteristic of discontinuous composites is the
large number of fibre ends (103) and mis orientated fibres which 
effectively embrittle the matrix so that while only a small fall in 
modulus compared to continuous composites may occur a much larger drop 
in strength can occur (104).
In contrast to the tension strength^the compression strength 
does not fall drastically as extra stability due to the ■.
more complex fibre geometries appears to’stabilise the buckling 
and shear failures^ This results in a reversion of the relative 
strengths so that in contrast to the continuous case the compression 
strength is normally greater than the tensile strength. It should be _ 
noted in figure 10 that for off-axis tests on aligned composites the 
compression strength was greater than the tension strength.
Summarising, it appears that reasonable predictions of the strength 
can be obtained which may in many cases require knowledge of the 
details of the failure mode. This is particularly true for compression 
failures where changes to the test geometry and specimen support can
change the failure mode and the failure stress. Fibre geometries are 
available to obtain more isotropic properties but these isotropic 
properties are normally restricted to the plane of a laminate with a 
weak interlaminar layer.
CHAPTER THREE
REVIEW OF THE TOUGHNESS PROPERTIES OF FIBROUS COMPOSITE MATERIALS 
3*0 Introduction
In this chapter the final mechanical property area of toughness 
is reviewed. There are considerable difficulties in assessing the 
toughness of an isotropic material because of the absence of an agreed 
definition of toughness as a material property. The "toughness" of a 
material means "all things to all men". It can refer to the ability 
to absorb energy elastically without the occurence of damage, the total
v
energy absorbed in fracturing a notched or unnotched specimen, the 
ability to resist propagation of a pre-existing crack or the resistance 
to the effect of a stress concentration (e.g. due to change in section) 
The interpretation of toughness is not restricted to a single load 
cycle such as an impact load; as the effect of multiple impacts, 
particle or liquid erosion and crack growth due to cyclic stresses 
can be considered from this same viewpoint.
Additional difficulties exist in anisotropic materials because 
of the different failure modes possible depending on the type of stress 
and degree of anisotropy. In common with fatigue. testing the point 
of failure is difficult to define in composites due to the low 
threshold for incipient damage. That is, in metals the load (time) 
required to initiate a crack is a major portion of the total load (time 
required to completely fracture the specimen. In composites damage 
can be produced at a much lower proportion of the condition for total 
failure (105).
Brittleness, the opposite of toughness, softness and hardness 
are descriptions of material properties as equally difficult to define 
as toughness. Interpretations tend to be very subjective referring 
to a particular application, or unintentionally qualified by "for that
class of materials”. --Definitions-'which include flexible, durable 
not easily broken, firm, unyielding, are all acceptable but do not 
necessarily portray the same mechanical property.
Depending on the definition of toughness and the definition of 
failure chosen, different test methods will be appropriate. The most 
common definitions are the total energy absorbed and the complete 
failure of the specimen, respectively. Impact tests are the most 
common method of obtaining this data, i.e. the energy absorbed in the. 
complete fracture of the specimen. This energy data is frequently, 
and incorrectly, referred to as the impact strength, (for example by 
the British Standards Institution in BS2782 Method 306). Apart from 
difficulties associated with this terminology several different 
approaches have been used to express the data such as energy per unit 
volume, energy per unit of cross-section area broken, energy per unit 
of notch width and the total energy for a specified test 
situation. Definition of impact properties is as difficult as the 
definition of toughness, but impact.does normally imply rapid momentary 
loading and collision of masses.
The energy measured in the impact test is the total work done 
and includes both crack initiation and crack propagation. This energy 
can also be obtained by :integrating the load—deflection curve in 
standard tension etc. tests. This energy is then termed the work- 
to-failure and is a satisfactory procedure for ductile metals and 
ductile or extensible polymers where the majority of the energy is 
consumed by plastic work. For brittle materials the stored energy 
at failure initiation is in excess of that required for completing 
the failure and an overestimate of this later energy is obtained.
Tattersail and Tappin (106) devised a specimen, hereafter 
referred to as the TT specimen, which is a notched flexure beam
designed to allow valid estimates of the work—to—failure, normally 
termed the work—to—fracture, to he obtained for brittle materials.
The basis of this method is that the geometrical design of the specimen 
allows easy crack initiation'at low system (i.e. specimen and loading 
train) stored energy followed by difficult crack propagation, so that 
additional work must be done by the test machine following the initiation 
of the failure to complete the fracture. This failure mode is 
achieved by notching a rectangular short beam to leave a triangular 
section of material on the centre-line of the beam (figure 11(a)).
When the specimen is loaded in flexure the apex of the triangular 
section is on the tension face of the beam. Failure initiates at a 
low load at the apex and propagates towards the base on a widening 
crack front. The test is normally considered to be valid if addition 
work is done after crack initiation. Possible load—displacement curves 
are shown in figure 11(b). Graph (i) is not valid as crack propagation 
is catastrophic, graph (ii) is valid and consists of slow crack growth 
only. Graph (iii) is also valid but consists of both fast and slow 
crack growth. The test result is calculated from the area under the 
load—displacement curve expressed as the work per unit area of remaining 
cross-section at the notch. All this work is considered to be 
consumed in fracturing the specimen as there is zero strain energy in 
the test system at the beginning and end of the test. Work—to—failure, 
work—to—fracture and impact energy refer to the specimen cross-section, 
whereas the fracture surface energy (y) refers to the nominal area 
of the surfaces formed, i.e., approximately twice the cross-sectional 
area. Typical values of the work— of— -fracture obtained by Tattersall 
and Tappin for several materials are reproduced in figure 11(c).
A subsequent paper by Tappin, co—authored by Davidge (106), 
preferred the use of straight notched specimens which can be analysed
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Magnesia 10
Deal wood 2 x l0 3
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FIG .11
"by fracture toughness (linear elastic fracture mechanics — LEEM) 
techniques as well as by the work-of-fracture method. The crack
C /
depth c is expressed in terms of the specimen depth d. The 
ratio is normally approximately 0.5 for LEFM analyses, hut higher 
values can he used to encourage a stable failure mode (i.e. graph (ii)).
O /In cases when even at = 0.9 catastrophic failure is obtained,
it has been suggested that the work-of—fracture results at several
C / C //^ ratios can be extrapolated to = 1.0 in order to minimise
the effect of stored strain energy at failure (107)*
C /
The straight notched beam with =0.5 is one of several
geometries that can be analysed by fracture toughness techniques. .
These techniques study the conditions of stress concentration and
energy balance necessary for the propagation of a pre-existing crack
of known dimensions. These techniques were developed to measure the
"fracture toughness" (^j q) high strength—brittle fracture steels
and under the guidance of ASTM committees (108), standard procedures
for tests on metals have been established. is the critical
condition for propagation of a Mode I crack (tensile crack opening).
The fracture toughness obtained for a plain strain fracture has been
suggested to be a basic material property. Platiet a l ( 109) has shown
that the work-of—fracture energy is related, for a range of specimen
sizes, to the critical strain energy release rate or fracture toughness
2
energy obtained from E = . Correction terms were
calculated for specimen size and toss energy effects. The total 
energy gave good correlation for brittle failures and for cases with a 
small measure of ductility when the initiation energy to maximum load 
only was used. Both work-to-failure (fracture) and fracture toughness 
tests are normally undertaken at normal (~ 100 seconds to failure) 
displacement rates, but dynamic tests are also possible.
Impact tests are the only one of these methods that are fully 
established, i.e. in universal use, quoted in technical literature for 
materials, and covered in national standards for reinforced and 
unreinforced plastics. The type of impact testing carried out is ‘ 
considered in the following section.
3.1 Impact Test Methods
Several techniques are available for measuring the impact 
performance of reinforced plastics. The standard laboratory methods 
have been derived from metallurgical tests with appropriate reductions 
in scale to take account of the lower impact values obtained compared 
to metals. The standard tests use either the free fall of a pendulum 
or the vertical fall of a known mass to load the specimen.
Pendulum tests utilise the free swing of a known mass, supported 
on a light arm, to strike a standard dimensionedspecimen. -The 
specimen may be either a clamped cantilever (izod method) or a freely 
supported three point flexure beam (Charpy method) (figure 12).
There is no specific relationship between the results obtained from 
these-two specimen configurations. Both methods, following metallurgical 
practices, are used with notched and unnotched specimens to assess 
the notch sensitivity of the material.
The energy consumed in the test is the difference between the 
maximum height reached and thus the potential energy of the pendulum 
after a test carried out without a specimen, and the height the 
pendulum attains after breaking and passing through a specimen. . This 
energy loss is normally attributed solely to fracturing the specimen. 
However, the energy lost by the pendulum is partly consumed by 
subsidiary events, such as energy consumed by vibrations in the 
apparatus, heat and stress waves generated in the specimen, additional
frictional drag on the hammer and anvil, and the kinetic energy of the 
ejected specimen. This latter term is normally called the "toss energy".
Both tests are easy to undertake and use similar specimens.
The Charpy is quicker and easier, because the specimen is not required 
to be clamped, and is preferred for testing specimens conditioned 
remote from the apparatus at either reduced or elevated temperatures 
so that any change in temperature prior to the test is restricted to a 
minimum. Equipment has been described (110) where a stationary 
specimen is heated on the anvils and the furnace is removed just prior 
to the test. Although variable hammer input energies can be 
specified, a standard release height is normally used. Bader et al (111) 
have produced a machine with variable mass and variable release height, 
but the variation in velocity obtained is very limited. Many non­
standard impact test machines have been manufactured in individual 
laboratories.
Although several pendulum tests are described in national 
standards (e.g. ASTM D—256—5 6, DIH53453 and BS2783—306), a non—standard 
instrument which uses miniature specimens has been universally used 
for evaluating plastics, both unreinforced and reinforced. This 
instrument, the Hounsfield Miniature Charpy Machine, is described in 
detail in section 4*
Drop weight tests (figure 12) are similar to pendulum tests but 
use the vertical fall of a known mass from a known height. The test 
specimen may be either a Charpy-type beam, or a disc of material 
supported by, or clamped to, a ring support. These tests are normally 
carried out by systematically altering the input energy and determining 
the energy for failure on a "go-no-go" basis. This is very expensive 
in material as every specimen can only be tested once, and a large 
number of specimens are required to determine the limiting energy.
Notch position
Pendulum
Specimen
Anvil
Notch position 
Clamp
CHARPY 
(Plan view)
IZOD
(Elevation)
Drop weight
Specimen
Guide columns
3 — Supporting base
DROP WEIGHT 
(Elevation)
FIG. 12. GRAVITATIONAL FALL LABORATORY IMPACT
TEST METHODS
Attempts have "been made (112) to instrument drop weight equipment so 
that a definite result is obtained from every test* The input energy . .
can be varied, by altering the mass or drop height, so that it is
possible to determine the energy required to initiate failure as well 
as the energy for total failure using drop weight tests*
Drop weight and pendulum tests can be modified to allow impact 
to occur under conditions of tensile stress* . The loads required for 
failure are normally higher and the deflections less, leading to 
increased difficulties in accurate instrumentation of the test, and to 
an increased probability of unwanted energy loss mechanisms occurring.
In addition, the ends of the specimen are normally clamped in chucks 
to allow the tensile stress to be applied. These clamps must be 
secure while at the same time avoiding the creation of stress 
concentrations as in normal tensile tests for these materials (113)•
The test methods described so far are normally conducted at an 
impact velocity of 2-7 metres per second, because of the dependence 
on the gravitational fall of the impacting hammer. In many applications,
for instance: ballistics, car crash resistance, ship mooring ropes,,
jet engine turbine blades, it is necessary to use impact conditions 
that represent more closely the actual impact velocity, projectile 
shape or specimen size encountered in practice. One illustration of 
this type of equipment is the compressed air operated ballistic system 
developed at the National Gas Turbine Establishment (114)• This test 
allows the appropriate strain rates and projectile masses of interest 
in ballistic applications to be assessed, but there may still be 
unacceptable limitations on the size of material tested. Further 
illustrations of this type of test are given in the following section.
The errors present in impact tests have been considered in 
several papers devoted to the testing of metals. For instance,
Venzi et al (115) considered the effect of inertial loading on an 
instrumented load-time trace. Not only do these effects lead to 
errors in the test result, hut it is possible to break an unsupported 
brittle metal specimen solely by inertia loading. The work of 
Fahey (116) on the reproducibility of Charpy results has shown that, 
if steps are taken to reduce the possibility of specimens jamming 
between the anvil and the pendulum, consistent results can be obtained 
provided the equipment is installed and operated correctly together 
with good specimen preparation. Fahey concluded that for low energy 
levels, published impact values could be in error by as much as 
100—2 0 0 Experimental errors normally increase the recorded impact 
strength. Spath (11T) supported the view that the test method 
properly conducted did give consistent results and that part of the 
experimental scatter was the result of scatter in the properties of 
the material under evaluation.
McMillan and Tesh (118) have compared computer predictions for 
the flexural impact of elastic-to-failure materials (a glass, a glass- 
ceramic and ceramics) with experimental traces of the contact force- 
time relationship obtained from an instrumented pendulum. These 
authors found that under certain conditions multiple impact of the 
specimen by the pendulum occurred. Their methods are not applicable 
to composites because the computer prediction are only valid for 
elastic to failure materials. Goldsmith (119) has discussed in detail 
the vibrational aspects of different collision conditions.
In spite of the large volume of impact tests on metals, together 
with considerable experience, from other tests and in-service behaviour, 
it has not been possible to use the impact strength (energy) found from 
the standard laboratory test in design procedures. These tests are 
adequate for screening competing materials, for determining the ductile- 
brittle transition temperature and quality control testing (117)•
In general terms the experience with plastics, both reinforced 
and unreinforced, has been similar to,that with metals; but there is 
a smaller background of testing and service use for comparative purposes, 
Bragaw (120) has attempted to compare tensile impact values and Izod 
impact values with simulation tests for injection moulded tumblers 
and an automobile door latch. Tensile impact values were found in 
this instance to give reasonable correlation with the simulated service 
conditions,
Vincent (l2l) has reviewed comprehensively the impact testing of 
thermoplastics. In particular he draws attention to the considerable 
affect on the test result of test temperature, specimen fabrication, . 
and notch depth and radius. In common with metal systems it has been 
found impossible to compare results on specimens of different sizes, 
Vincent concludes in Chapter 1, that "impact tests cannot be used for 
precise calculations of service performance but only for comparisons".
In spite of the drawbacks that can be associated with conducting ■ 
these tests and the limited values of the test data, impact tests have 
been extensively used in composite materials property evaluation.
Some advantages of this test method were mentioned in the Introduction, 
such as low cost, ease of specimen preparation. Particularly important 
in the development stage of a new material is that the specimens, 
particularly if miniature size, only require small amounts of scarce 
and costly material. Details of the recommended BS tests are to be 
found in BS2782, while the Institute of Plastics, Handbook of Plastics 
Test Methods (122) also covers ISO, ASTM and DIM procedures.
The effect of the component materials on impact test data is 
considered in the following section.
3.2 Impact Test Data for Fibrous Composite Materials
Many published papers and reports record the results of impact
tests conducted on fibrous composite materials. It is dangerous to
compare particular results ih detail because of the number of different
test machines used and the detail differences that can be expected in
nominally identical, material (e.g, resin type, voidage, fibre
misalignment, fibre strength). In general, the results are of
■comparable absolute value in different research projects and range
• 2
between 10 and 1000 kj/m » Thus, it is intended to concentrate in
this discussion on reviewing the observed trends as material parameters
were varied. Unless otherwise stated the tests have been carried out
on composites containing aligned fibres with the specimen axis
parallel to the fibre axis.
The impact energies for unreinforced thermoplastics as previously
indicated (121) are very dependent on notch radius, test temperature
2
etc. Values of between 1 and 100 kj/m were reported, but changes in
the test conditions can produce an order of magnitude change in the
2
result. For unnotched epoxy resins the impact energy was 10 kj/m (111)
2but for notched polyester and epoxy resin values from .2 to 1 kd/m 
2
and .8 to 2 kj/m respectively, have been reported. Bulk glass would 
be expected to give similar values (i.e. 1 kj/m^ : (118)).
The effect of fibre volume fraction on the Charpy impact energy 
of unnotched specimens of continuous aligned carbon fibre composites 
has been reported by Bailey et. al. (123)• The impact test results 
for both untreated and surface treated type I, II and III in epoxy 
(Shell 828 resin) are given in figure 13. All the results indicate 
an initially linear increase in the impact energy with a fall off in 
slope at higher volume fractions. The earliest deviation from a 
linear increase was found for the type I untreated material at 0.37 Vf.
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These authors found that surface treated fibres resulted, for each 
fibre types, in lower impact energies and generally an increased scatter 
in the results compared to untreated fibres. The impact energy 
recorded increased with decreasing fibre modulus regardless of the 
surface condition of the fibre suggesting a dependence on the fibre 
strain energy at failure.
Hancox (124) has undertaken a similar evaluation using notched 
and unnotched Izod test specimens (figure 14)* The trends obtained 
are similar to the above Charpy results, but untreated Type I carbon 
fibres were in this case superior in both the notched and unnotched 
condition to untreated Type II carbon fibre composites (c.f. reference 
123). This difference may be due to the change in the test procedure, 
or to changes in resin type and cure schedule. Both these papers 
commented on the high degree of compression and shear/delamination 
damage present in the tested specimens, and that these failure modes 
were often responsible for initiating failure. The observed 
difference could then be due to the difference in test geometry, 
including the effect of the clamp in the Izod test, affecting the 
compression/shear failure load.
Sidey and Bradshaw (1'25) also used a similar sized Izod test 
specimen but whereas Hancox obtained only a slightly higher energy 
absorption for untreated type II compared to surface treated, these 
authors obtained a three-fold increase in both the notched and 
unnotched condition.
Barker (126) conducted an extensive test programme considering 
the effect on the impact energy of notch depth, notch radius, test 
temperature, resin type, fibre lay-up and orientation, and carbon 
fibre type. In common with Hancox, little dependence was found on 
notch tip radius or notch depth. The effect of reducing the test
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temperature, figure 15. was in general to increase the impact energy, 
excluding a peak superimposed on this trend associated with the glass— 
transition temperature for the resin under test. As the test 
temperature was reduced there appeared to he an increase in the 
proportion of the fracture surface exhibiting the features of tensile 
failure. The increase in impact energy at reduced temperatures may 
be due to this increase in the proportion of tensile failure. It 
could also be associated with changes in the energy absorption by 
particular failure mechanisms. Barker also considered the effect of 
orientation for specimens with 0°, ± 45° and 0°/9.0° orientated 
laminates. The 0° material yielded the highest impact strength, 
as the two other materials failed by delamination between layers 
resulting in markedly less fibrous fractures.
Sidey and Bradshaw (125) compared their Izod test results with 
higher strain rate, ballistic impact tests. Particular emphasis was 
given in the ballistic tests to continuously increasing the initial 
impact energy in order to determine the energy level to initiate damage. 
Initial damage was defined as a surface crack normally on the rear 
(non—impacted) face and excluded the impact crater made by the 
projectile on the front face. The ballistic tests were undertaken on 
the BGTE ballistic impact machine (114). A 3 mm diameter ball was
used at impact velocities in the range 70 to 300 m/sec. The
initiation energy for ballistic impact was higher for treated carbon 
fibres than untreated carbon fibres, whereas the Izod results indicated 
a reverse order of merit, as did Hancox?s results. The difference
between these evaluations is due to the fact that in the well bonded
(i.e. surface treated) carbon fibre system, failure initiation is 
relatively difficult compared to the poorly bonded (untreated) carbon 
fibre, as indicated by the ballistic test, and crack propagation is 
relatively easy, as indicated by the Izod tests.
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The other main material variable apart from the fibre is the 
matrix, and Hancox and Wells (T 27) have considered, using notched Izod 
tests, the effect of resin properties on the mechanical properties 
including impact strength. 'Several resin formulations were studied 
and also the Union Carbide resin - ERLA 4617 wi'tk "the addition of 
CTB1T rubber to toughen the matrix. An addition of 1% CTBW was found 
to be most beneficial and increased the impact strength by 30%. A 
Monsanto resin developed for high impact properties did not record an 
increase over the basic ERLA 4617 resin. A high strength Shell resin 
gave good flexural properties but poor impact (50% of ERLA 4 6 1 7)*
In general, improvements to the impact strength of these aligned 
continuous fibre systems were modest, and this conclusion was reinforced 
by Dorey and Sidey (128) who evaluated a Shell resin — CP 8 4, again 
using ERLA 4617 as the control.
The importance of surface treatments in promoting and maintaining 
improved properties in aggressive environments has been studied by 
Harris et al (129). Harris treated carbon fibres by the five different 
methods indicated in figure 16 and measured the impact and static 
properties of the composites before and after exposure to steam. The 
silane — treated fibres were found to retain 100% of their work of 
fracture (TT specimens) after exposure to steam for one week compared 
to only 49% retention for untreated fibres. Harris1 results are 
reproduced in figure 16, and show the effect of fibre treatment on 
interlaminar shear strength and work of fracture. As expected from 
the review in section 2.2, as the interface was improved by the 
preparation techniques used, there was an increase in the interlaminar 
shear strength and a fall in the work of fracture. Therefore, weak 
interfaces were favoured for increased toughness, but if the interface 
becomes too weak the reinforcing effect of the fibres in the matrix
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was lost and the work of fracture reduced towards that of an 
unbonded fibre bundle.
The effect of aggressive environments on impact properties forms 
the basis of a paper by Thomas (130), which is one of the few papers 
to consider glass fibre composites in the same detail as carbon fibre 
composites. The failure of notched rod specimens in a drop weight 
apparatus was used to monitor the degradation caused by several 
environments. The environments studied were (l) air at 65% RH and 
80 °C, (2) 5% aqueous solution of nitric acid, (3 ) aqueous
solution of hydrochloric acid, (4 ) 5% aqueous solution of sulphuric 
acid, (5) 5% aqueous solution of ammonium hydroxide and (6) methanol. 
After five days treatment, environment (1) had produced the largest 
reduction in impact energy, and after 50 days immersion, environment 
(3 ) had produced the highest reduction of 30%.
The effect of fibre length on impact properties of a range of 
thermoplastics has been reported by "Wilson (131)• In every case the 
highest impact strengths were obtained for the longest fibre lengths 
used (i.e. 6-12 mm) depending on the matrix material. Williams et. al. 
(132) have shown that for random discontinuous fibres in 
polymethylmethacrylate, using notched Charpy specimens, no further 
increase was obtained in impact strength with fibres greater than 
25 mm long. These authors also obtained good correlations between 
experimental failure energies and predicted-values. It is likely 
that these correlations were made possible by the fact that the 
majority of materials failed in a simple tensile manner with crack 
propagation from the notch tip for the random discontinuously — 
reinforced thermoplastics studied.
Several methods for improving the impact energy are available.
For instance, a beam can be constructed of mixed fibres so that, for
instance, a thick sandwich structure of carbon fibre—layers and glass 
fibre layers with the carbon placed on the outside surface can be 
produced. This construction produces beams with improved flexural 
stiffness compared to glass-fibre beams but without the catastrophic 
failure mode experienced with a treated carbon fibre beam. For a 
sample which contained 25%:50% ;25% carbon-glass-carbon fibre the 
impact energy can be increased by 2.5 to 5 times the 100% carbon 
fibre energy (132), due to the considerably higher impact energy of 
the glass—fibre material. Other constructions could use an intimate 
mix of fibres, or a particular fibre such as boron on the compression 
face to prevent premature compressive failures. An extreme illustration 
of this approach is perhaps the incorporation of wire sheet into glass 
fibre laminates to improve ballistic impact, properties (134). The 
ratio of the weight (in grams) per unit area for panels able to prevent 
complete penetration of a missile (velocity 203 m/sec, strike energy of 
1025 J) in steel, woven glass fibre cloth, and woven glass fibre cloth 
and wire sheet was 2.5, 1*55 an(I 1*23 respectively. The loss in 
stiffness after impacts of different strike energy for a O/9O0 aligned 
cross—ply was also reported (figure 17)*
In practical situations where the input energy is insufficient to 
cause final failure, degradation can occur through repeated impact 
loads. Heater and Lacey (135) have compared the ranking of four 
plastics and two die-cast metals using single and multiple tensile 
impact loads. Different ranking orders were obtained with each test 
method, but further results suggested that the actual order obtained 
for the repeated impact tests may also be dependent on the input 
energy, the rate and frequency of the impacting blow. Sarkar and 
Glinn (136) called the effect impact fatigue acknowledging that this 
region of testing has a similarity with conventional fatigue tests.
They plotted, their results for an alumina ceramic as a stress - no. 
of cycles (s /lt )  curve to show a threshold impact energy for failure
at 10 impacts of 25% of the single impact energy. The only example
/
of this testing for composites is the CIBA Indentation Fatigue Wheel 
(137) for aircraft floor panel assessment which is Basically a multiple 
impact machine intended to simulate the service conditions.
Relatively few tests have Been reported on full scale components 
or structures, although some test techniques, such as the CIBA 
Indentation Fatigue Wheel (137) do simulate the service requirements. 
Cleathero (138) has reported on the evaluation of the driver’s caB of 
an Advanced Passenger Train. Tests were conducted on test panels of 
50 mm thick GRP sandwich construction with different GRP skins and 
densities of foam core. The test was conducted By firing a 41t> steel 
cuBe at speeds of 125, 150* and 175 mph. at the panel; a very 
stringent test condition. Low densities foams gave the highest 
results due to the failure of the weak foam involving more GRP in the 
deformation process. In addition crossplied unidirectional cloth was 
superior to square weave woven roving, presumably Because of the 
higher strength of the less-crimped unidirectional cloth, although 
there will also Be changes in the stiffness and ILS properties.
An interesting evaluation of a helicopter tail rotor Blade has 
also Been reported (139)• As well as whirl impact tests of the Blade
against tree Branches, to simulate potential tree, strikes, tests were 
conducted By dropping a steel projectile and a wrench from a height of 
four metres to simulate adventitious damage. In the whirl test some 
damage was sustained at the rotor tip, But it was not sufficient to 
have caused a mission abort. The steel projectiles (~ 1 kg weight) 
did not cause any damage. The authors concluded that the "graphite 
and glass-epoxy rotor exhibits good survival characteristics in the
hostile environment for which it was designed” and that "the concern 
’with impact Behaviour of thin-walled graphite structures is apparently
not applicable to thick structures in the configuration evaluated".
(
A further indication of the difficulties of predicting service 
Behaviour from laboratory tests has recently Been published (140). 
Ballistic tests were conducted By firing. 7*62 mm calibre Bullets.at 
aluminium and carbon fibre control rods. These impact tests showed 
that a projectile striking an aluminium alloy rod leaves the material 
grossly displaced from the rod surface on exit with the possibility of 
fouling adjacent structures and jamming the control system. Similar 
impact tests on carbon fibre control rods left no displaced material, 
damage Being limited to the projectile path with clean entry and exit. 
Amongst the advantages claimed liras one arising from Vietnam war 
experience which had showed that composite flight control components 
had higher damage tolerance from Ballistic impacts during Battle or 
from damage during routine activities. Use of composite parts could 
have reduced losses of aircraft By allowing operation, despite damage, 
long enough to enable landings in safe zones. This higher tolerance 
is in spite' of .the lower Charpy impact rating, and also as clean 
fractures were obtained the fibre was presumably surface treated.
Yet as shown previously, this would have given the poorer impa,ct test 
energy absorption.
Several observations can Be made regarding the impact performance 
of fibrous composite materials. Although the fibres used for 
reinforcements fail in a Brittle manner, the impact energy of the 
composite is usually much greater than the value obtained for the 
Base resin. Vincent (121) found that addition of glass fibres to 
nylon reduced the impact energy at high test temperatures and 
increased it at low test temperatures when the unreinforced nylon
would exhibit tough and brittle behaviour respectively. It was 
suggested that the random fibres encouraged crack initiation and 
discouraged crack propagation.
The impact energy values obtained are particularly influenced 
by the fibre type, length and orientation, but the actual dependence 
is not clearly established. This is particularly true for cases when 
the results show a discontinuity, e.g. with volume fraction in 
reference 123. Good bonding at the interface results in brittle 
crack propagation and low energy absorption. The matrix has a smaller 
effect on the results.
It is clear that correlations between the results of different 
test methods are.difficult, and that the correlations between laboratory 
evaluation and service performance are tenuous. Different laboratories 
using the same test method do not always obtain the same results or 
trends (c.f. references 124 and 125).
The mechanisms for energy absorption in composite materials are 
considered in the following section.
3.3 I-Iechanisms of Energy Absorption
It is relatively easy to visualise that if a strong, stiff 
material is added to a weak, soft material that a material with 
intermediate strength and stiffness properties can be obtained. It 
is far less apparent that if a brittle fibre such as glass is added 
to a brittle resin that the resulting material, in this case GRP, 
would have an impact energy substantially higher than either of the 
components. The mechanisms whereby this large increase in toughness 
is obtained must involve either the interface region itself and/or a 
change in the behaviour of a component material because of its physical 
format or the presence of the other component.
The component materials fail in tension "by propagation of a
brittle crack perpendicular to the applied stress. The low energy
2required for propagation of a crack,(y glass - 10 j/m and y plastic
2 -5 2 '
- 10 — 10 j/m ), can he judged.from their susceptibility to failure
from cracks and defects. In composite materials, crack propagation
perpendicular to the applied stress in aligned continuous fibre
composites is not normally observed either in unnotched or notched
specimens^ Vo Vkc .
Cook and Gordon (141) suggested that the notch insensitivity of
fibre reinforced materials is due to delamination of the composite at
interfaces ahead of the crack tip which effectively blunt the crack.
The secondary'cracking along the interface will at least absorb
additional surface energy, and may in some circumstances prevent any
further propagation of the primary crack. Cook and Gordon calculated
the stress distribution surrounding an elliptical crack in a tensile
loaded plate (figure l8a,b,c). It is apparent that the local stress
^  (a) perpendicular to the-local stress cr^  (b) in the direction of
the applied stress is a maximum at' approximately one crack root radius
ahead of the crack tip and has a value of approximately 1 /5 of cr^  ,
Cook and Gordon suggested that if the strength of the interface
was less than l/5th of the tensile strength of the phase containing the
crack tip, that the interface will fail and open-up ahead of the
primary crack, as shown in figure 18(d) I—III, This crack-dividing
mechanism increases both the failure stress and the energy absorbed.
Shear stresses 'TXy (c) similar magnitude are also present just
behind the root of the notch which could result in the crack growth
shown in. figure l8 (d)-IV? if failure was. initiated-'by .the maximum
shear stress.
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STRESS TRAJECTORIES AND FAILURE MECHANISMS AT NOTCH TIP (141)
Gilliard (142) considered the same analysis for an anisotropic 
material with elastic coefficients equivalent to a high modulus carbon
'I
fibre composite and predicted a transverse tension stress of /40th and
 ^ I
a shear stress of /11th of the applied axial tension stress. Cooper 
and Kelly (143) determined experimentally the conditions to obtain 
delamination failure at a critical ratio for tungsten/copper of 
/13•2 for the transverse tension stress.- Using a derived shear
-j
strength this failure was also predicted to yield a ratio of /l2 .4
for a shear mode failure, in good agreement with Gilliard*s predictions.
This suggests for anisotropic materials, that although both transverse
tension and shear strengths are relatively low that because of the
higher shear stress concentration, delamination failures at a notch
are due to shear stresses. Harrison (144) considers this same problem
based on the relative energies for crack propagation perpendicular and
parallel to the fibre direction. The critical ratio varied from
5 .8  to 1 6 .9 for anisotropy ratios ( a/^ ) from 1 to 52 and was similar
t
to Gilliard1s ratio for the shear stress for carbon fibre composites.
Almond et, al. (*145) have shown that the same mechanism occurs 
in laminated steel specimens. A "crack arrester" specimen, containing 
laminates perpendicular to the crack direction reduced the ductile- 
brittle transition by more than 120 °C compared to a similar 
homogeneous specimen. Contributing factors may have been the possible 
change in toughness of thin laminates of steel, due to a change from 
cleavage to yield failure modes, and the bonding medium. Fibrous 
fracture was in fact observed in a second laminate but tests using a 
range of bond strengths all gave similar results.
Even when a crack is propagated perpendicular to the stress 
direction the energy absorbed is greater than that expected from the 
failure of each component alone. Several energy absorption mechanisms
have ‘been proposed to account for this high toughness,. These 
mechanisms are based on observation of the macro (e.g. delamination 
at the notch tip) and micro (e.g. fibre fracture) failure modes. 
Initially in this section the macro-modes are considered for a three- 
point (Charpy) flexure beam, followed by the micro-modes.
(1) Soecimen Flexural Strain Energy (W^, )
J? "C
Hancox (124) attempted to correlate experimental results for 
unnotched Izod impact tests on surface treated carbon fibres/epoxy 
with several energy absorbing mechanisms including the specimen stored 
strain energy at fracture. If the failure is brittle, as it was for 
surface—treated carbon fibre/epoxy, the total strain energy in the 
unnotched specimen is likely to be in excess of the surface fracture 
energy (c.f. the case of ceramics and glasses). In this case both 
the.-theoretical and experimental impact values overestimate the 
fracture surface energy. The flexure strain energy per unit area of
cross-section for a Charpy specimen was given by: : :
o' 2 S
WFt = 18 E M
c ' . • ' ■ ■
where S = test span.
(2) Specimen Shear Strain Energy (^ps)
The shear strain energy term becomes increasingly important as 
the ratio of test span ( s )  to specimen depth (d) decreases and
for unit area of cross-section was. given by:; _ : .
(3) Specimen Delamination Energy
The span/depth (S/d) ratio for Izod and Charpy tests is in the 
same range (~ 5/0 as span/depth ratio recommended for ILSS 
tests. It is thus not unexpected that interlaminar failure is a 
frequently occurring fracture mode in these impact tests. When an 
unnotched hearn is loaded in the Charpy test configuration, the 
specimen will fail at or close to the neutral plane if the ILSS is 
less than' a critical value, as described previously in section 2.2.2, 
delaminating the specimen into two thinner beams. On continued loading 
successive delaminations occur which can extend to a limit determined 
by the number of laminae used to fabricate the original specimen. It 
is possible for delamination to occur to a sufficiently large degree 
that the specimen can pass through the test supports without failure • 
of the individual laminae occurring. Energy is absorbed in forming . 
each delamination crack, in stressing the thinner specimens obtained, 
and by the relative motion of the contracting compression surface of 
one laminae, and the extending tensile surface of the next laminae.
For the energy absorption by a beam delaminated into first two beams, 
and then into four beams, Bader et al (ill) have obtained an estimate 
of 3*1 times the energy absorbed by brittle failure at the same maximum 
load (i.e. at the first delamination). llovak and Be Crescente (146) 
obtained a similar delamination energy based on the shear strain energy 
(tc/ ^ c) an& the volume (l’b’d’) of specimen prior to each 
delamination failure.
2
Wpd = k- n w  [1'q
C
Delamination at the tip of notches has already been mentioned.
(4 ) Progressive Failure (W^^)
Hancox (124) also considered progressive failure where the 
crack initiated in the tension face, and as the crack propagated across 
the specimen all the elements of the specimen were loaded to their 
failure strain. Hancox gave the energy absorbed per unit area as:
2
wuit - h r  Mc
This is the same energy term that Harris et. al. (12 9) obtained 
from tensile tests, and was considered to be equivalent to the fracture 
energy of the fibres. This fracture energy for fibres was much 
higher than that obtained for bulk material, and was sufficient to 
allow better correlation between the authors experimental and 
theoretical results. It is probably more correct to consider this 
term as the fibre, or composite, stored tensile strain energy rather 
than as a fracture surface energy.
Equation [17] refers to a tension test of gauge length 1 .
In a flexure test the equation should be rewritten to allow for the 
non-uniform stress distribution as follows:
o' 2 S
\ i t  = f w ~
c
[18]
(5) Progressive Fibre Failure ( W ^ ^ )
If o' = cr_ and E = E_ are acceptable approximations
C I I  c 1 1
equation [18] can be written as:
of V S
"iVl’t = 6 Ef . M
This is equivalent to the strain energy index used by Bader et. al. (til) 
to characterise the performance of carbon fibres.
The remaining energy mechanisms are based, on micro—analysis of
the failure process, and are normally related to the properties and
behaviour of the component phases including the interface. Modes of
energy absorption such as the generation of heat, or stress waves are
not considered. Initially the failure modes for e less than em f
is analysed.
(6) Matrix Surface Energy (W^)
Failure of the matrix is assumed to occur at s and to traversem
the complete specimen cross-section. If the fracture is completely 
brittle, the energy absorbed is that due to the surface fracture energy 
(ym) proportional to the volume fraction of matrix. If crack branching 
occurs then the matrix volume fraction term will be increased according 
to the extra surface area created. The matrix surface-energy term 
can be given per unit area by:
■ W , = 2 y V [20]mb ' m m
(7) Matrix Work Energy -(W ^)
If the matrix is ductile then yielding of the matrix close to 
the fracture plane may occur. Cooper and Kelly (143) considered the 
contribution from a ductile metal matrix, and found that it was equal 
to the volume of matrix that yields times the work to failure per unit
volume of the matrix (^m)* matrix yielded only to a depth equal
to the transfer length from the fracture plane. The matrix work—
energy term was given (143) per unit area by:
The values' of y and U used in these equations were values 'm m
determined for hulk specimens. In the composite, when the matrix is 
frequently in thin layers under constrained conditions, a different 
value may he appropriate. Brittle matrix materials such as ceramics, 
cement, plaster and resins will not normally contribute a large energy 
absorption term, hut if multiple fracture of the matrix occurs, the 
area of matrix cracking, and thus the energy contribution, can he 
increased considerably. For instance Cooper and Sillwood (146) found 
that for a steelwire/epoxy system tested at 77 °K the spacing between 
matrix cracks was between 0,3 mm and 0,6 mm, so that in a 50 im gauge 
length, at least 100 cracks were present and the matrix energy energy 
contribution would thus be increased by one hundredfold.
Cooper and Sillwood also determined the instantaneous changes in 
matrix an(^  fibre (^ppL) strain energy due to the matrix
failure. As they considered fixed load conditions there was also a 
’work done’ contribution by the loading system in the total energy 
balance governing failure of the matrix. The matrix relaxes over a 
distance ’xt?’, equivalent to the stress transfer length, which is 
partially unloaded by the matrix crack, and the fibre strain energy 
increases over the same distance due to the additional load shed by 
the matrix to the fibres.
(8) Matrix Strain Energy
The decrease in matrix strain energy per crack was given (147) V
(9) Fibre Strain Energy (hTpp)
The increase in fibre strain energy per crack was given (147) "by1
W ' = E„ V'„ s 2 x* I (1 + a) [23]fK f i m 3 ■
, V cr r E V
, a m m ' m mwhere x = rr- —r—  ana a = ~—
vf 2r Ef h
Oo) Relative Displacement Energy (T/8j_p)
These authors (147) also determined a term for the interfacial 
energy due to the relative movement of the relaxing matrix and the 
extending fibres, assuming a constant sliding friction stress (t) * 
The relative displacement energy was given (147) by:
= E„ V„ e 2 X* I (1 + a) [24]1R f f m 3
(ll) Fibre Relaxation Energy 0'^)
Piggott (148) has considered the effect of continued loading of 
the composite following a planar matrix failure* As the load is 
increased the crack will open and the fibre will be pulled out of the 
matrix to some extent. As the fibre is pulled out of the matrix it 
will do work 011 the matrix up to fibre failure* The fibre also gains
elastic energy as the applied load is increased. When the fibre
breaks, it relaxes and most of the stored energy is considered to do 
further work on the matrix. The fibre stored energy is thus not ■ 
available for other work on fibre relaxation. Piggot considered that 
the total work done, for a remote fibre stress equal to cr^  , was 
given by:
(1 - Hp) E_p this factor allows for the
where ^fT ~ 7y m+" v— y j y  2V  Y * failure strain of the fibre
f f under constrained conditions
(12) Fihre Surface Energy (¥^)
Apart from the strain energy lost by the fibres there will he 
some energy absorption due to the surface fracture energy of the fibres 
on failure in a manner similar to the matrix surface energy contribution. 
The fibre surface-energy term for a brittle fibre is given by:
majority of fibres of interest in this work are brittle, and could only 
provide appreciable energy absorption under conditions of multiple 
fracture.
W = 2 y V
fB yf f [27]
(13) Fibre Work Energy (W^)
The fibre work-energy term for a ductile .fibre is given by:
Wfd [28]
where is the work-to-failure per unit volume of the fibre. The
(14) Fibre Debonding (^p)
Severe shear stresses are present in the loaded composite at the 
1 ibre-matrix interface of fibres bridging the matrix crack, as in the 
pull-out test configuration. . In addition shear stresses will also 
exist at fibre ends, or fibre breaks in all regions of the composite. 
Outwater and Carnes (149) first suggested that the failure or 
debonding of the interface under these shear stresses could provide 
extensive energy absorption, and was in fact the main mechanism 
responsible for the high energy absorption found in glass-fibre/resin 
composites. Outwater and Carnes equated the energy required to 
debond an. additional length dx of the interface with fibre strain 
energy released by the increment of debonding. Kelly (150) more 
correctly equated the work done in debonding with the.increase in 
fibre strain energy. So that following Kelly, the debonding energy, 
for fibres debonding either side of a matrix cracking per unit area 
is given by:
„  ■ 2 _ cr 1
W =...£ -  ---— [29!
D 6 E„ L yj
Outwater and Murphy (151) suggested that if the residual 
friction stress (t ) equalled zero that the debonding energy was 
given by:
V o-2
wd - -h rr *T £30]
where, f is the total debonded length. Equation [30J is the stored
strain energy a length of fibre equal to Y at a constant stress 
. This stress situation is unlikely and use of equation [30] will 
result in overpredicting of the dehonding energy.
(15) Interface Surface Energy (liL)
Marston et. al. (152) have suggested that the interface energy 
absorption on failure should he included as a fracture surface energy 
7  ^ rather than as the dehonding energy outlined above. The large 
surface area of the interface in fine diameter fihre reinforced 
composites could make this an important energy term. If 7  ^ is not 
known it may be that an acceptable approximation is 7m • The 
interface surface-energy term was given (152) by:
2 V V  V -p 7,
W, = - I - 1  h  = -f-T ' 1 [31]1 cL> ' 1 t
(16) Fibre Pull-out Energy (W )
P
If fibre failure occurs outside the matrix fracture plane but 
within a transfer length distance, or if the end of a fibre for a 
discontinuous fibre is within the transfer length, pull—out of the 
fibre during separation of the specimen will contribute to the energy 
absorption. Cotthell (153) first suggested the effect for reinforced 
metals where the work done was due to pull-out of the fibre against 
the yield stress of the matrix. In reinforced thermoset systems the 
residual compressive stress after interface failure creates a 
frictional resistance (t ) to fibre pull-out. The maximum length3
of fibre that can be pulled out is 1 , the fibre transfer length.
The work done in pulling out fibres with a maximum length 1^ 
was given by Cottrell as:
If lp=. 1 ■' then equation [323 can "be rewritten as
V cr 1 V. cr 6
w = -?-?— £■ f f • f f33i
p 12 24t
if the fihre length pull-out varies from to zero.
In a discontinuous composite the proportion of fibres with a
fihre end within 1 of the matrix fracture plane decreases with
°
increasing fihre length (l) , when lp is greater than 1 . 'When 
lj> is less than 1 all fibres pull-out. Work done hy pull-out of
discontinuous fibres per unit area was given by (150)*
/ V- T 1 2 1
\ f  = _£— §— 2- —2. f34l
P 12d If L J
1 '0
where —  is the fraction of fibres pulling out when 1 > 1 •
1-p f c
These energy terms have been considered in the approximate order
of occurrence for e < for V_ > Y * If the fibres failm f f cnt
initially ^ em^ -^n a strongly bonded material, final failure 
will occur by matrix cracking due to linking of the fibre fracture 
sites or by a single fracture from one failure site. In less well- 
bonded composites, interface failure will follow fibre, failure and 
extensive fragmentation of the matrix and fibre pull—out may occur at 
the failure stress. Certain equations (e,g, 22—2 4) would require 
rewriting to take account of this different failure mode but these 
mechanisms are still generally applicable.
The energy absorption mechanisms reviex^ed depend on a knoxtfledge of*
both the failure mode and the detailed properties of the comppnents
(e.g. E„ , cro , y t y. etc.) before estimates of their importance
f 1 f 1 1 m 1 11
can be made. In some cases such as failure of the interface
'(Cutwater et. al., Marston et. al,) and fibre strain energy (Hancox, 
Harris et, al,, Piggott), several approaches have been used to explain 
the same phenomenon. The micro—mechanisms are based on an assumed 
tensile or mode I crack opening■failure, but in practice the failures 
are often more complex. The degree of success obtained in explaining 
the experimentally obtained values of impact energies and work—of— 
fracture is considered in the folloxkLng section.
3.4 Correlation Between Experimental Data, and Predicted Energy
Absorption
Cooper R.E. (154) obtained reasonable agreement between 
theoretical predictions and experimental results, for tungsten-fibre 
reinforced copper and copper — 10% tin alloy, for the contribution to 
the work of fracture derived from plastic work in the matrix, 'When a 
phosphor-bronze matrix was employed the work-of—fracture was found to
p
have a dependence on V rather than the theoretical V . Thism ' m ' f
was thought to be due to the limited ductility of this matrix, and 
approximates to the case of V for a brittle matrix. Even the
vacuum cast copper did not portray a dependence as extreme as /V^ , 
and it may be that the high post-yield matrix stress in a constrained 
matrix determined by Kelly and Lilholt (6 5), should be used to calculate 
the theoretical predictions,
Fitz-Randolph et. al..(l55) compared, the fracture surface energy 
for a boron fibre—epoxy composite obtained by linear elastic fracture
Experimental Results 
kj/m2
Theoretical Results 
kj/nf
Linear Elastic 
Fracture Mechanics 33.3 Debonding 52.7 - 21.1
Work of Fracture 17.55 Relaxation 35.1 - 14.0
Compliance 79 - 17.55 Pull-out 1404 - 702
(a) Fracture energies of a boron-fibre/epoxy composite (155)
FIBRE / MATRIX
Pull-out
Energy
J
Shear
Delamination
Energy
J
Fibre
Fracture
Energy
J
Total of 
Energy 
Terms 
J
Impact
Strength
J
HMG-50/ERL-2256 1.36 0.50 2 .52 , 4.38 6.12
HMG-50/ERL-2256 
HROj treatment 0 .65 1.33 2.52 4.50 4 .0 8
HMG-50/BP-907 0.83 1.37 2.52 4.72 5.78
T-50/ERL-2256 1.50 0.45 2,52 4.46 6 .12
T-50/ERL-2256 
(HNO3 treatment) 0.35 1.16 2.12 3.63 3.13
Courtaulds C/ERL-2256 3.39 O.56 8.11 12.05 13.06
Courtaulds H^ERL-2256 0 .6 4 2.30 2.30 5.24 : 4 .0 8
Courtaulds HI^/ERLA-4617 O .76 1.43 2.30 4.49 4 .0 8
Morganite IS/ERL-2256 O.64 1.14 2.30 4 .08 4 .0 8
(b) Calculated and Measured Energy Absorption for carbon fibre composites (145)
FIG. 19 Calculated and Measured Energy Absorptions.
mechanics, TT work—of—fracture and a fracture toughness compliance 
measurement method with theoretical predictions "based on debonding, 
stress relaxation and pull-out energy absorption mechanisms. Their 
results are reproduced in figure 19a; the range of theoretical values 
is due to the experimentally observed variation in fibre pull-out 
lengths, and the range of compliance values determined for different 
crack lengths. The best agreement between the experimental and 
theoretical values, was obtained with the energy absorbed due to 
debonding and relaxation mechanisms. The value obtained for the 
pull-out mechanism is more than 10 times any of the other values.
ITovak end De Crescente (146) have presented a similar analysis 
for several graphite-epoxy composites. The results are shown in 
figure 19b and they do in general show reasonable agreement. There 
is no overall trend (e.g. impact greater than theoretical) but if the 
contribution due to pull-out is discounted for the two surface-treated 
fibres, when it can be expected to be small, better agreement is 
obtained. The energy terms used here were fibre pull-out, shear 
delamination and fibre fracture energy
Cooper G A and Gladman (156) obtained good agreement between 
theoretical and experimental results for a phosphor-bronze wire/epoxy 
composite where pull-out was the main energy absorption mechanism . 
(figure 20a). The fibres were i^ reakened by pre-notching the fibres so 
that fibre failure occurred followed by fibre pull-out under specified 
conditions. The reduced fibre strength (0^) was given as a fraction 
of the original strength (cr ) (i.e. = 0 is the case of
discontinuous fibres). The distance between weak points was varied 
for each condition of reduced strength. Helfet and Harris (157) 
continued this approach and found higher values of work-of-fracture 
in random composites (figure 19b) which they successfully attributed
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FIG.20
to plastic shear of fibres lying at an angle to the plane of the crack. 
These observations have been confirmed recently by Morton and Groves 
(158). The force required to produce a plastic hinge in a metal 
fibre was found to be highest when the fibre was at 45° "to the matrix 
crack, and the force passed through a maximum at a crack opening of 
the order of one fibre diameter as the crack faces were separated.
Hancox (.123) considered the effect of specimen width (a linear
dependence) and specimen depth (a non-linear dependence), on the impact
strength of treated carbon fibre composites, both Type I and Type II.
A correlation was attempted between'the failure modes and their energy
absorption, and the non—linear variation of impact energy with
specimen depth. The energy terms included were compression, tension
and shear strain energies at failure and the fibre pull-out energy.
Although the experimental and theoretical results followed similar
trends, agreement was only obtained for surface treated Type II fibres
up to a specimen depth of 8 mm (figure 2J ). The lack of agreement
for the remaining conditions ivas attributed to there being insufficient
allowance made for the effect of shear and delamination- failures,
which will be particularly important in the lower shear strength
Type I material and in the Type II material at large specimen depths
i.e. low /.ratios, d
At first sight the above correlations appear quite acceptable and 
suggest that providing hindsight is available so that values of 1
c
and can be obtained that reasonable predictions can be made of the 
energy absorbed. This is particularly true if a single or dominating
mechanism is considered to be active.
But further consideration suggests that considerable difficulties 
still exist. For instance, Piggott (l59) kas commented on.the results
of Bader et. al. (111) who compared the unnotched impact results with
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their fihre strain energy index. Piggott suggested that a better
correlation is possible with the pull-out energy, and ignores the
fibre relaxation mechanism which he himself proposed. However/the
fibre relaxation energy term also gives better agreement than the fibre
strain energy index. . Also Marston et. al. (152) while remarking that
Fitz-Randolph (155) al. used an unrealistically large value of the
critical length for their theoretical predictions, do themselves use
values of 1 , y. and y which have considerable uncertainty inc ’ 'i 'm
order to prove the effectiveness of including y as an energy
absorbing term.
The lack of framework for selecting energy absorption mechanisms 
can be seen by comparing results for similar systems. For.example, 
it is not obvious which characteristics of carbon and glass fibre resin 
composites are responsible for the suggestion that energy absorption 
occurs by pull-out (l6 0) and debonding (l6 l) mechanisms respectively.
This situation is further confused because for glass fibre composites 
pull-out and surface energies have also been suggested for dry and 
water-boiled specimens (162) respectively. In these last two examples
the energy absorption was stated*to be solely due to pull—out when dry, 
and solely due to surface energies after boiling. Such a complete 
change with no part of the energy absorbed by a second mechanism in 
either case is somewhat surprising..
These authors also critised the use by Beaumont & Phillips (161)
2
of a fibre strength of 3*44 GtT/m for S glass fibres, while themselves 
using a low value suggested by Bader & Bowyer for injection moulded 
material. This value of 1200 MN/m did agree with their flexural 
strength results but as there are indications in their figure 5 of 
compression damage the recorded flexural strengths may not be the true 
fibre failure stress. It should be noted that Wadsworth and Spilling (3 8)
used a strength of twice the standard single fihre test result. As
the fihre stress often appears in the equations 14-34 to the square
or cubic power (including its indirect presence in 1 ) this widec
variation in the value of the fihre strength assumed will severely -
modify the energy absorption predicted.
The multitude of energy absorption mechanisms outlined in
section 3*3 suggests that with the aid of the uncertainties over the
true values of 1 . cr ' . %  to he used that one of. or a combination c 7 i 7 1
of, these mechanisms will give reasonable agreement iirith experimental 
data. In fact, with the exception of Hancox (123) most analyses 
consider a mode I tension failure when in many cases reported and 
several suspected (e.g. figure 5 reference 162) at least part of the 
failure occurred in compression. The choice of energy absorption 
mechanisms should he appropriate to the observed failure mode.
The wide choice of energy absorption mechanisms, while to a 
certain extent expected from the complex failure mode of composite 
materials, does suggest that they may be second order effects of a 
more fundamental energy absorption mechanism such as fibre strain 
energy.
In summary it appears that the effect of different material 
parameters cannot be predicted from basic data on the fibre, matrix 
and interface, as no framework exists for assessment of failure modes 
and active energy absorption mechanisms. The short beam impact test 
can as far as the technique is concerned provide consistent results, 
but its use for composites results in complex failure modes. The 
relevance of these failures in addition to the usual difficulty over
the inability to apply impact test data suggest that careful 
consideration must be given to its continued popularity as a standard 
test and to its possible effect on the assessment of impact performance. 
Several examples have been quoted where laboratory tests were’not a 
good indication of in-service performance and this area requires 
further consideration against the wider background of the alternative 
definitions of toughness. The experimental programme to support these 
analyses has been outlined in the Introduction and is given in further 
detail in the following chapter.
3653
JER
CHAPTER POUR
EXPERIMENTAL PROGRAMME, MATERIALS AND TECHNIQUES 
4.0. Introduction
In this chapter the experimental work carried out in order to study 
the effect of material parameters on the impact performance of fibre 
reinforced plastics is described in three sections. In section 
experimental programme is detailed regarding both the variance of the 
material parameter studied and the tests conducted. As far as possible 
only one parameter was varied in each series of tests. The parameters 
considered were fibre properties (type), fibre diameter, fibre volume 
fraction, resin properties and fibre geometry in commercial laminates.
In section 4*2. the preparation of constituent materials, composites 
and test specimens are detailed. As these techniques, e.g. filament winding, 
were employed for more than, one series of tests or materials they are 
discussed generally rather than specifically associated with a particular 
series of tests. Einally, in section 4»3« ^He test methods used to determine 
the mechanical and physical properties of the materials, and the microscopic 
techniques employed to examine the failed specimens are described.
4 .1 • Experimental Programme
4»1«1» The Study of the Effect of Fibre Properties
Several continuous fibres were used to reinforce the 100/0 epoxy resin 
(see section 4*2.1 • )• ' The fibres, listed below, were selected because they 
were all available with a diameter of approximately 10pm and in this series 
of tests the fibre diameter was considered to be constant. Fibre properties 
that were variables in this series were the ultimate tensile strength, the 
failure strain, the Young’s Modulus and the surface condition. None of these 
properties was varied in a continuous manner; each fibre material represented 
a particular combination of these properties. The fibres used are listed 
below with their experimental designations.
1. High Modulus (llype i) Carbon Fibre - surface untreated (HMU)
2. High Modulus (Type i) Carbon Fibre — surface treated (HMS)
3. _ High Strength (l^ rpe II) Carbon Fibre — surface untreated (HTU)
4 . High Strength (Type II) Carbon Fibre - surface treated (HTS)
I
5* High Strain (Type III or A) Carbon Fibre — surface untreated (a )
7. .'Kevlar* (PED-49) Fibre
6. Glass Fibre — *ET type (E)
(PHD)
8. ’Brunsmet’ Stainless Steel Fibre (SS)
. The carbon fibres were obtained from Courtaulds Ltd., the glass fibres 
from Fibreglass Ltd., the Kevlar fibres from Du—Pont, and the stainless 
steel fibres from Brunswick Corporation.
The specimens were prepared by the wet filament winding method 
described in section 4*2.4* Short beam specimens were prepared with notch 
conditions HIT, ST and TT, and evaluated by impact and slow rate tests (see 
sections 4*2.6, 4*3.1 and 4*3*2.). Long beam and scissor (direct) shear 
specimens were also prepared. In all cases the specimens were prepared 
with the fibre axis along the specimen axis.
4*1*2. The Study of the Effect of Fibre Diameter
Glass fibres were selected for this study because of the ease of 
preparation of a range of fibre diameters in a commercially important material. 
In addition the variation of glass fibre diameter is known to be a commercial 
possibility as a range of fibres, although over a narrower range than 
considered here, are already available.
Glass fibres were drawn from E glass marbles with fibre diameters 
nominally ranging from 8pm to 320pm and fabricated into composites with the 
IOO/O epoxy resin by the tfleaky-mould” technique (see section 4*2.3. ). Short 
beam specimens with notch conditions UN and TT were prepared and tested at 
impact and slow rates. The axis of the fibres was parallel with the specimen 
axis. The E glass marbles were kindly supplied by Pilkington Bros. Ltd.
4.1.3. The Study of the Effect of Fibre Volume Fraction
Glass fibres were chosen for this study of the effect of volume 
fraction because in spite of their large tonnage use the impact properties, 
as shown in chapter 3 , have not been studied as widely or in such depth as 
carbon fibre reinforced composites.
Two series of continuous, aligned composites were prepared by the wet 
filament winding technique with the lOO/O and 6O/4 O epoxy resins. Composites 
were prepared with nominal fibre volume fractions from 0.10 to O.'JO in 
square plates. Short beam specimens were prepared with the fibre axis 
parallel (longitudinally aligned, designated l) and perpendicular (transversely 
aligned, designated t — 60/40 resih only) to the specimen axis. Impact and 
slow rate tests were conducted on UN, ST and TT notched specimens. Long beam 
and punch shear specimens were also prepared.
4 .1.4 . The Study of the Effect of Resin Properties
- -This-study considered the effect on impact performance of an increasing 
addition of a plasticising (flexibilising) resin to the standard (brittle)
100/0 resin. The 100/0 resin was plasticised, by additions up to 400fo7 in 
four steps (see section 4*2.1.). No attempt was made to optimise the 
properties of these resin combinations.
Continuous glass fibre composites of nominally 0.45 volume fraction 
were prepared by the wet filament winding method for each resin composition. 
Longitudinal (l) and transverse (t) specimens,.and uhreinforced- resin' short 
beam.-specimens were prepared with notch condition UN and TT. Tests were 
conducted at impact and slow rates for both composites and resins. Long 
beam and punch shear specimens were also prepared.
4*1*5* The Evaluation of the Impact Performance of Commercial Laminates
This study considered the more complex fibre geometries found in 
commercial laminates. The materials were chosen to provide a wide range of 
glass fibre geometries, with one reinforcement geometry duplicated in a 
second resin. The fibre geometries chosen in an epoxy resin were fully
aligned continuous fibres, continuous 0°/90° cross-ply, coarse fabric and 
chopped strand mat. In addition, a chopped strand mat reinforced polyester 
was selected. This last material does, of course, comprise the majority of 
the tonnage of glass reinforced plastics in commercial use.
Short beam specimens with notch conditions TIN, ST and TT were prepared 
for impact and slow rate tests. The performance at both rates was determined 
for loads applied perpendicular (designated 1^) and parallel (designated — ) to 
the plane of the sheet of the laminate. In the case of the aligned material 
tests were conducted on both longitudinal and transverse specimens. Long 
beam and scissor shear specimens were also prepared. In all previous series 
of tests the standard foro>-point loading geometry of the Miniature Charpy 
impact machine (see section 4*3* 1* ) was used predominantly. In this study a 
three—point arrangement using the same span was used so that a conventional 
Charpy test format could be evaluated. Comparative impact tests using 4-P^ 
loading were conducted for UN specimens.
4*2. Preparation of. Materials and Specimens 
4*2.1. Casting of unreinforced resins
Samples of the resins used in these tests were prepared by casting into 
rubber moulds, frequently to the final specimen shape, or by casting into 
fj6mm thick rectangular blanks. Rubber moulds for the casting of resin 
samples were prepared using a cold—setting silicone rubber. The rubber used 
was Silastic 3120 RTV (Dow Coming Ltd) which was cured by a 10/ addition, 
with thorough mixing, of the hardening compound — Catalyst S. At room 
temperature the full cure was obtained after five days. The moulds were 
prepared by casting the rubber over the required specimen shape, e.g. either 
12.7mm square or 6.35mm square brass bars, placed in a shallow tray which 
restrained the resin and gave the outer shape to the mould. . Typical moulds 
are shown in Figure 22(a). This type of mould was used to prepare larger flat 
sheets of resin but the preferred method to obtain flat uniform sheets was to
(a) Rubber moulds for castir
" ‘ unreinforoed resins
drawin.
TO. 22.
cast the resin "between two sheets of cleaned glass or perspex, 3 0cm square, 
using a spacer of the required thickness to retain the resin. In all cases 
mould surfaces were coated with a release agent, such as Contour Release 
Agent 1711 or Hilflon-PTME spray applied from an aerosol spay can, to allow 
the castings to he removed easily from the mould.
A single series of resins was used throughout this investigation. The 
"basic or standard resin used was a liquid epoxy resin based on the 
diglycidylether of bis-phenol A manufactured by CIBA Ltd. and designated 
MY 750. This resin was cured by a 10% addition of a triethylene tetramine 
hardener HY 951* A period at room temperature (1 8 -2 4 hours) was allowed 
following casting prior to the post—cure of 3 hours at 60°C.
This "brittle” resin was modified by increasing additions of a 
compatible plasticising resin — CY 208. A standard series of modified resin 
compositions were used in this work and they were designated 80/2 0, 60/4 0 ,
4 0 /6 0 and 20/80. In each case this designation refers to the parts per hundred 
by weight of MI 750 and CY 208 resin respectively in the resin mix prior to 
the addition of the hardener. The unmodified standard resin was similarly 
designated 100/0. The post—cure time was increased to 6 hours for these 
modified resins.
Particular care was taken in the mixing and casting of these resins to 
avoid air entrapment which would reduce the properties, particularly for the 
more brittle resins (i.e. higher MY 750 contents). Mixing of the two resins 
was fairly vigorous, but sufficient time was allowed for entrapped air to 
escape before the hardener was added. Warming the resins also facilitated 
air removal but the mixture was fully cooled before the hardener was added, 
otherwise the working life of the resin was considerably reduced. The resin 
plus hardener was poured slowly into one end of the mould to provide a 
minimum of turbulence and a maximum ease of air escapement.
4*2.2. Drawing of glass fibres
Glass fibres were drawn in the laboratory using a single bushing 
version of the commercial system. A platinum crucible charged with crushed 
marbles of TB T glass was clamped across the output terminals of a 2KVA 
transformer. The maximum input voltage to the transformer was 240 volts, 
and this provided an output of 1000A at 2 volts. The glass was melted by 
resistance heating of the platinum crucible. The required melt temperature 
over the range 1200 to 1300°C was obtained by control of the input voltage.
As the molten glass as well as the crucible conducted electricity, the melt 
temperature was maintained-with sufficient accuracy, as judged by variations 
in fibre diameter, by maintaining a constant head of molten glass by frequent, 
small additions of crushed glass to the crucible (5 )* The combination of 
glass melt temperature, drawing speeds and die size for the drawing of any 
particular fibre size was optimised to allow the fastest rate (i.e. weight) 
of fibre production.
The glass filament was drawn from the molten charge through a single 
die formed in the base of the crucible. Two dies with diameters of 1.25mm 
and 2.0Qnm were used to prepare the complete range of fibre diameters. Fibres 
were drawn 'with, diameters from 871m to 320pm, which was equivalent to a 
1600—fold increase in cross-sectional area. '
The fibres were drawn onto a 1.2 metre diameter wheel fitted to a 
traversing axle. This wheel was driven by a variable speed motor to provide 
drawing speeds from 0.0377 m/sec to 792 m/sec. The large diameter of the 
wheel ensured that high bending stresses did not occur in the larger diameter 
fibres. In addition, as the fibre was collected on pegs, mounted around the 
circumference of the wheel, which traverse; during drawing the large diameter 
fibres were collected as a single layer to minimise fibre—fibre contact.
Only fibre cut from between these support pegs was used for the subsequent 
preparation of composite. The fibres were removed by placing tape,, sticky 
side uppermost, along the pegs prior to fibre drawing, and then placing a
further strip across the fibres on the line of the peg at the completion 
of drawing. The fibres were then removed by slicing through both the tape 
and fibres along the peg. The tape served to keep the fibres aligned, and 
separated at the larger diameters.
The complete fibre drawing apparatus is shown in Figure 22(b).
4*2.3* Compression moulding techniques
Compression moulding techniques can be adapted for use with both wet 
and pre—preg materials. A particular version of the technique is known as 
the ?leaky-mould* method and utilises a mould with pre-determined gaps to 
allow extrusion of excess resin from a wet-lay up. In addition if the mould 
is open ended, as below, resin is extruded out of the end of the mould 
along the fibres.
The preparation of a bar in an open-ended mould is described here, as 
the other variations only involve minor alterations in the procedure. This 
technique was used for the different fibre diameter series because the 
material was available in short length hanks, and the larger diameter fibres 
were not suitable for use in the filament winding equipment. A typical open 
ended mould is shown in Figure 23(a).
A weighed quantity of fibre for the required volume fraction, including 
the material that would be in the off—cuts,was placed in the mould with an 
excess of resin. The best wetting of the fibre and removal of air was 
achieved by adding both the fibre and the resin in small quantities with 
consolidation between each layer. When the required amounts of glass and 
resin were placed in the mould, the mould was closed to pre—adjusted stops 
expelling excess resin. It was important during this stage that, a length of 
fibre outside the mould remained unwetted by the resin. If this precaution 
was not taken, there was an increased possibility of the fibre being ’extruded’ 
from the mould during pressing. The composite was then cured as detailed for 
the appropriate resin composition.
(aj Open-ended steel mould
(b) Filament winding apparatus.
FIG. 23.
4*2.4» Filament winding technique
This technique was used to provide larger width plaques, with good 
fihre alignment, than can he prepared using the leaky mould technique. In 
addition the automated impreg$ation and winding system should allow good 
wet—out and fihre alignment to he obtained. This fabrication technique was 
used to prepare the composites studied in sections 4*1*1*» 4 « 1 * 3 a n d  4-1»4»
The basic use of this equipment will be described .with reference to the 
winding of glass fibre laminates, and any differences when other fibres were 
used are detailed when relevant.
The glass fibre was supplied as a cheese of untwisted multistrand 
filament of fS f glass composition. The glass fibre was drawn from the 
rotatable, suspended cheese through the glass bath containing an approximately 
constant volume of pre-roixed resin and hardener,from the standard series of 
resins. The complete winding equipment is shown in Figure 23(b). Following 
impregnation the excess resin was removed by passing the tow through a die, 
at the exit of the resin bath, that formed the tow into a narrow tape. The 
die was made of glass and prepared by drawing down a glass tube onto a strip 
of copper of the required cross-section (e.g.3mm x 0.3mm). After the assembly 
had cooled the copper 'template’ was removed by dissolving in Nitric acid.
The bath and die assembly traversed across the width of the rotating 
mandrel between limits which automatically reversed the direction of travel 
at the ext remet ies of the mandrel. The mandrel was a flat plaque with side 
cheeks which with face plates became a compression mould for final consolidation 
of the composite. The speed of the traversing mechanism, and the rotational 
speed of the mould were both variable. The speeds were chosen so that the 
fibre was aligned as close as possible to the transverse axis of the mandrel.
The exact ratio of speeds was dependant on the tow width but in all cases the 
fibre direction was within + 1° to 2° of the transverse axis of,the mandrel. 
Different fibre materials, e.g. carbon, glass, required different ratios of
speeds. The requisite number of layers, depending on the final fibre volume 
fraction required, were wound onto the mould. Each layer was consolidated with 
a solid rubber roller before a further layer was applied. On completion of 
the winding the mandrel was removed from its support bearings, face plates 
added and the composite compressed to the requisite depth in a hydraulic 
press (Apex Ltd) over a period of-approximately thirty minutes. The composite 
was kept under pressure during the room temperature cure and G—clamps were 
applied across the mould during the appropriate post—cure period. The 
composite was removed from the mould by cutting across the exposed edges of 
the composite to release two flat plaques of well—aligned material.
4 .2 .5 * Commercial laminates
Several laminates were obtained from Permali (Gloucester) Ltd. These 
materials were all press-moulded and were at the time of purchase standard
laminates in the company's product range. The grades selected for this work
were, retaining the manufacturer's coding:
1. 22CE — a coarse glass fibre fabric — epoxy material.
2. 33ME — a chopped strand glass fibre mat — epoxy material.
3* 33MP — a chopped strand glass fibre mat — polyester material.
4 . XE6 - a 0°/90° crossplied aligned glass fibre — epoxy resin
material.
5* XE5 — an aligned glass fibre — epoxy resin material.
Materials 4 and 5 were laminated on the surface with a fine satin 
fabric which aided the fabrication process and protected the surface of the 
finished material against adventitious surface damage.
Materials 3, 4 and 5 were of extremely good quality having low void 
content, good alignment and consistent thickness. These materials were not 
typical of the normal composites prepared by wet—lay-up techniques, but 
were more akin to the high performance materials fabricated in the aerospace 
industry. The materials were in sheets nominally 6.35mm thick and at least 
1 metre square.
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The manufacturers* published data for these materials are shown in 
Figure 2 4. The flexural properties are for materials tested perpendicular 
to the plane of the sheet (i.e. with the laminations parallel to the neutral 
plane of the specimen). Standard size specimens were cut from the laminate
I
accepting the finished thickness of the sheet as one of the specimen 
dimensions except in the case of 33ME where the sheet was reduced from the 
as—fabricated sheet thickness of 7*5nnn«
4*2.6. Preparation of test specimens
Regardless of the fabrication route or source of the composite materials 
all specimens were prepared as detailed below,--.except some resin specimens 
which required no further finishing.
Beam specimens were prepared by cutting blanks of the required size 
from a plaque or beam of the material using a wet, diamond cutting wheel 
of 120/100 grade, 1.0mm thick, on a Tfyslide cutting machine. The standard 
size for short beams was 6.4mm x 6 .4mm x.45mmr with an alternative half size 
specimen of 3*2mm x 6 .4mm x 45nnn. 'In some cases where the plaque thickness 
was approximately 3mm this thickness was used without further preparation.
Long beam specimens, 6.4mm x 6 .4mm x 120—170mm depending on the material 
available, and shear specimens were similarly prepared.
Hie three notch conditions shown in Figure 2 5(a) used for short beam 
specimens at impact and slow rates were: .
Notch Condition — UN — unnotched specimens
Notch .Condition — ST — straight notch, described by ratio, .of notch
depth (c) to beam depth (d). (i.e. c/d = 0 .5  
is notch cut to half beam depth).
Notch Condition — TT — Tattersall and Tappin notch construction.
Notches were also cut using the jig provided as an accessory to the
impact machines but as these V—cut notches were rather ragged they were not 
used extensively. Notches were cut using the 120/100 grade diamond wheel and 
sharpened by a second method or by the second method direct. These further 
methods include a fine 0 .1mm thick diamond blade, a jewellers saw with a
bection
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b/U size blade or scapel/razor blades. jMotcAes in sdear specimens, ngrire 
2 4(b) were cut with the 0 .1mm diamond slitting wheel.
4.3. Test Methods and Analytical Techniques 
4.3.1. Impact tests
Two impact machines were used during this work, the Tensometer Ltd., 
Hounsfield Plastics Impact machine (alternatively known as the Miniature 
Charpy machine) and the companion equipment of higher impact input energy, 
the Hounsfield Balanced Impact machine. These machines were both of the’
. Charpy—type and although not of identical velocity, they did have the 
advantage of using the same specimen.
The Miniature Charpy machine was originally designed for small samples 
of brittle materials (e.g. unreinforced thermoplastics), and to enable 
satisfactory results to be, obtained over a wide range of impact energies . 
a range of interchangeable tups was available. The tup input energy was 
chosen so that the energy consumed in the test was between 35% and "JOffo of 
the tup energy. This requirement ensured that an accurate reading was 
obtained. The interchangeable tups were complete with arm, axle shaft and 
pointer, and were available in seven energies of 2.71, 1«3 5 r 0 .6 7 5* 0 -3 3 8, 
O.I6 9, O.O85 and- O.O42 Joules. The actual tups were marked in ft.lbs from 
2 ft.lbs to l/32nd ft.lbs. The impact velocity was 2.44 m/sec (8 ft/sec).
The recommended square section specimen was 6 .4mm by 6.4mm by 45™n 
long. The high cost and limited availability of the new high modulus fibres, 
for example carbon fibres when first available, encouraged the use of a 
miniature specimen of half the normal breadth (or depth). The test was 
conducted on both notched and unnotched specimens (see section 4-2.6.).
The loading arrangement was of the Charpy—type but the centre loading 
point — on the tup — was a double nose producing a narrow centre—span, 
four point loading arrangement. The full span was 3 8.5mm, and the centre 
span was 6.5mm. The radius of each central nose was ^  3mm. The Miniature 
Charpy equipment is shown in figure 26(a) installed in an environmental 
cabinet. Adaptors were produced to allow the centre loading noses to be
(b ) Balanced Impact Machine
rLASTIC
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(a) Miniature Charpy Impact Machine
PIG. 26.
replaced by a single loading nose of either 6.35™a or 3.2Ctomi radius to provide 
a more conventional (for Charpy tests) three point loading arrangement. It 
was necessary to re—calibrate the equipment after each refitting of the tups 
by adjusting the tup pivots and pointer frictional resistance. The tests 
forming the basis of the review by Vincent (121 ) of the effect of notch 
conditions, test temperature, etc. on the impact energy of thermoplastics 
were conducted using a Miniature Charpy impact machine.
When higher input impact energies were required the Balanced Impact 
machine, shown in Figure 26(b) in the ’ready’ position, was used. This 
equipment provided a single input energy of 65 Joules at a velocity of 
6.9m/sec (22.7ft/ sec). This machine was unusual in that the relative 
momentum of the two pendulums was used to alleviate the need for an anvil 
assembly of ’infinite’ mass. The specimen was held on the centre loading 
nose, in the right hand pendulum, by a spring-assisted plunger. The left 
hand pendulum contained the outer loading points normally positioned on the 
anvil of the machine. Loading of the specimen occurred when the two 
pendulums meet at the centre of percussion following simultaneous release.
The pressure of the plunger spring was reduced by substituting a more 
compliant spring, as the spring pressure was found in trials to have an 
appreciable effect at low impact values. The standard equipment was for 
round specimens in three—point flexure, but adaptors were produced for 
square specimens in either three or four point bend t as in the Miniature 
Charpy machine. Wo facilities are available for calibration but as the 
pendulums cannot be removed from the frame of this machine re—calibration 
is not so necessary. This equipment was rather highly rated when used for 
reinforced plastics since, for 6.35^ square specimens, the highest impact 
energy recorded was only <\/15% of the input energy.
4-3.2. Slow-Rate Tests
Slow—rate tests were conducted on a Table model Instron Universal test 
machine of .5KW capacity (Figure 27(a)). This equipment has an electrically 
powered screw—driven crosshead which can be driven over a range of cross- 
head displacement rates. A range of load cells were used as appropriate
(a) 5KN" Table Model Universal Test Machine
(b) Three-point flexure jig installed on 250KN Test Machine
PIG. 27.
to the load measured. The load—cells available were 0—100011 compression 
only, 0-5000M tension and compression, 0—5OOU and 0—500 grams tension only. 
Where possible the stiffest load cell with sufficient sensitivity was chosen, 
which for these tests was normally the 0—5OOON tension/compression cell. In 
all cases the load was plotted via a multiple range amplifier — 0—100N full- 
scale range at maximum sensitivity for 5000K load cell — on an integral 
chart recorder driven at a constant speed. The 0—5000N load cell was 
calibrated electronically, whereas lower capacity cells were calibrated by 
calibrated dead—weights.
Specimen deflection in flexure tests was determined by measuring the 
chart movement, and calculating the crosshead movement, and hence displace­
ment ( f ) of the loading point from the known relationship between the two 
constant speeds of the chart and the crosshead. The deflection due to the 
loading train was obtained by conducting a test with the centre loading nose 
directly contacting the base of the jig. The deflection under these conditions 
was 4 2: 10 ^ mm/u, and all deflection measurements have been corrected for 
this load train deflection.
Flexure tests were undertaken on the jig, shown in Figure 28(a), made 
to the same dimensions as the impact machine. A spare impact striker face 
was used for the centre loading points in the four—point configuration. The 
same three point arrangements as used in the impact equipment were again 
available. The base of the jig was bolted to the load cell and the centre 
loading point to the crosshead as shown in Figure 2 9(a). Flexure tests were 
conducted at a cross—head displacement rate of 1mm/min. The work done for 
both the unnotched and notched specimens was obtained from the area under the 
load-displacement curve. When available an Instron integrator was used to 
measure this area automatically during the test, otherwise the area was 
determined by counting the chart recorder squares under the load-displacement 
curve.
Flexure tests on long beam specimens were similarly conducted on an 
Instron flexure jig attached to a 25O EM Instron Universal Test Machine,
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Figure 27(b), at a crosshead displacement rate of 1Gmm/min. The loading 
anvils available were 20mm, 15mm and 5mm diameter and the 20mm diameter 
anvils were used for standard long beam tests.
The short beam inter laminar shear test was not used for shear strength 
measurements because in many reported tests shear failures were not the 
initiating failure and doubt exists over the actual stress distribution (51,52)« 
The I.L.S. stress was calculated in some short beam flexure tests using the 
equation given below for the shear strength assuming a classical stress 
distribution:
V l -l“ = § T a
The direct or scissor shear tests preferred in this work can also be 
conducted on 6,35 x 6.35mm section beams. The shear failure of these 
specimens was easily recognised but the gauge length must be sufficiently 
short so that crushing (compression) or tensile failures do not occur. For 
the materials in this work the gauge length (l) was between 3 and 10mm. The 
tension scissor shear specimen, Figure 25b(i) can bend laterally if 
unsupported, and the analysis by Markham and Dawson (163 ) for the non- 
uniform shear stress on the failure plane did not consider either this 
bending force or the effect of stress concentrations due to the notch shape. _ 
In this work the more compact and economical compression loaded specimens 
Figure 25b(ii) and (iii) were preferred. The punch shear test, BS.2782,
Method 305B, also used a short beam specimen in direct shear and was 
convenient for test series with specimens of transverse orientation. "The 
specimens are shown with the fibre orientation marked for aligned composites.
In direct shear tests the failure stress was obtained directly from the 
failure load and the area under shear (gauge length x specimen width). The 
correction factor for notch depth (t) of 3.2mm given in reference (1 6 3) 
varied non-linearly from 1.0 at l/t = 1 to 1 .4 8 at l/t = 3* A full range of 
extensometers, tension grips etc. were also available in the composite 
materials test facility.
4.3.3. Fibre tensile tests
Testing of reinforcing fibres was undertaken in tension using the 
low capacity load cell of 500 grams maximum load. The fibres were mounted 
singly on cardboard cut-outs as shown in Figure 2 5(c). The fibre was held 
on the card by household glue (Araldite Twin—pack or Durofix).
The fibre diameter was measured prior to testing using a Watson 
image—splitting eyepiece. The eyepiece was calibrated using calibration 
wires of 100 and 1951™ diameter. A gauge length of 20mm was used in these 
tests as being more representative of the highly stressed region of the 
flexure specimen than the 5^ ™  gauge length.
A fibre mounted on card was placed in spring operated light—weight 
clamps with care taken to ensure that a tensile load was not applied to the 
fibre (Figure 29(b). The edges of the card mount were then carefully cut 
away, and the slack in the ’freed* fibre taken up by hand operation of the 
crosshead drive. The test was then conducted at a crosshead displacement 
rate of 0.5mm/min. This test method is basically the same as that 
recommended in the Grafil Test Method Booklet — test method 101.11 (1 6 4).
4 .3 .4 . Analytical Techniques 
(a) Microscopic Examinations
Tested specimens were examined using both optical and scanning 
electron microscopes. The optical microscope examination considered any 
other damage present in addition to the site of final failure.
Samples for optical microscopy were prepared by potting the required 
fracture, or cross-section (used to check the uniformity of fibre dispersion) 
in a cold setting resin (Metset ’SW’). The cured samples were prepared on 
600 grit paper, and finally polished through 3pm, 1pm and 0 .25pm grades of 
diamond powder on nylon cloth on rotating polishing wheels (300 rpm). The 
samples were examined on a Vickers microscope using transmitted and/or 
reflected light and micrographs were recorded on Type 200 Polaroid films.
Samples, such as the fracture site, were cut from the remainder of the 
specimen and glued to SEM specimen holding stubs. The samples were coated 
under vacuum with a thin layer of gold-palladium to reduce charging of the
specimen during observation. Examination was undertaken using scanning 
electron microscopes (SEM’s) produced by Cambridge Instruments Ltd.
Stereoscan models S1 and S4 were used with a 10kV beam voltage, and 
recording of results was again on Type 200 Polaroid film. Normally an 
*X—Y* stage with'TZf and rotational movement was available for specimen 
orientation during examination. .During part of this work the stage was 
inoperative and this reduced the ability to select the optimum illumination, 
orientation and magnification of the fracture observations.
(b ) Volume fraction measurements
Several methods were used to obtain a measure of the fibre volume 
fraction for the materials tested. The quickest method was to determine 
the density using a standard specific gravity bottle, and calculate the 
density assuming only two components (resin and fibres) are present and 
that the density can be determined by a rule-of-mixtures approach. This 
method does not allow for a third phase which in this case was likely to 
be porosity.
A more accurate assessment of glass fibre content was obtained by using 
a resin-burn-off technique based on heating a .weighed sample in air at J00°C 
for 1 hour and reweighing to determine the weight of glass remaining.
Accurate measurements of carbon fibre content were obtained by the NPL 
Analytical Section (Division of Chemical Standards) using chemical digestion 
(1 6 5) by a hot solution of concentrated sulphuric acid and 5 hydrogen 
peroxide.
The densities of all the different types of carbon fibres used were 
obtained by the sink-float method, as given In reference 164 (test reference 
104.22). Solutions of carbon tetrachloride (Density 1.59-1*595 g/cc) and 
1.2 bromo—ethane (Density 2.17—2.18 g/cc) were prepared covering the density 
range 1.70-1.94 and small samples of finely chopped fibre were added to 
samples of different densities (in 0.2 g/cc increments ) until the fibre 
stayed in suspension after 1 hour.
CHAPTER FIVE
EXPERIMENTAL RESULTS 
5*0. Introduction
The experimental results obtained for each series of tests described 
in sections 4»11• to-4*1»5* are reported in corresponding sections in 
this chapter. In each case observations concerning the ease of materials 
preparation, volume fractions obtained etc. are reported initially. The 
mechanical property data are reported next. The impact tests are reported
i
conventionally as the energy absorbed per unit area of remaining cross-
section. The results have not been corrected for the toss energy as it was
considered in reference 129 that the energy loss for these specimens was
negligible. At this stage the energy absorbed at both test rates is related
to the specimen cross-section for convenience and compatability with
published data. Although the results are expressed as energy/unit area 
2
(i.e. j/m ) reference will still be made to absorbed energy as rhe signifi­
cance of normalising by the specimen area has been shown in Chapter 3 to be 
not fully established.
The slow rate flexure tests have been analysed for stiffness, strength 
and energy absorbed. The stiffness and strength of short beams calculated 
using the expressions given in Figure 28 are only apparent values as these 
equations cannot besstrictly applied to this size of specimen. However* these 
apparent values do provide a useful representation of the specimen response 
and can, as discussed in Chapter 6, be corrected to minimise the errors 
involved in these expressions. Points on the load—extension curve, shown 
in Figure 30(a), considered in the analyses are 0A, — the initial modulus,
A — the proportionality limit load (P^ — equivalent stress G'p), B — the 
peak load (Pp - equivalent stress CTp) and the crosshead displacement at 
A (A p)* B (Ap) and at separation of the specimen at point C (A g').
The area under the curve was taken as a measure of energy absorption 
during the test. The total area under the curve was' referred to as the work— 
to—separate and was designated MS and M S  for unnotched and notched 
specimens respectively. In some instances the test was prematurely 
terminated at point C by the specimen passing through the jig without 
complete separation of the specimen, or even total failure across a . ■ '
transverse section. This total energy was analysed further for unnotched 
specimens to determine the energy absorbed up to the proportionality limit 
(WL, work—to—limit) and up to the peak load (WP, work—to—peak). For notched 
specimens only the work—to—peak (MP) was obtained (see Figure 30(a)).
The fracturegraphic observations are reported finally using the 
standard designations given in Figure 30(b) to define the material, test 
and specimen parameters applicable to each observation. The full designa­
tion is only used in the text when necessary, in other cases a reduced 
designation is sufficient. An example of this designation is: 100/.45/lP/UB'. 
This is an impact test (IR) on an unnotched specimen (UN) of a .45 volume 
fraction (.45) glass fibre reinforced 100/0 resin (100). Similarly 
XES/sr/tt/I/l^ is a slow rate test (SR) on a Tattersall and Tappin notched 
specimen (TT) of aligned commercial laminate (XE5 ) prepared so that the 
load is applied perpendicular to the plane of the laminate (.l) with the 
fibres aligned along the specimen axis (l).
In discussing the fracturegraphic observations the co-ordinate axes 
shown in Figure 30(c) are used. In addition, cracks parallel with the neutral 
plane are referred to as delamination failures(i.e. on XT planes) and cracks 
perpendicular to the neutral plane along the specimen axis (i.e. on YZ planes) 
are referred to as splitting failures.
These experimental results are reported in this chapter with direct 
comments only. The full interpretation and discussion of the results is 
contained in following chapters.
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WN5Work “ to- separate WS
WNPW P
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5.1»1. Introduction
All the fibres were filament wound without excessive difficulties.
The plaques of composite produced had good quality surfaces with little 
evidence of fibre misalignment. The good alignment was confirmed by the 
roundness of the-fibres in microscopic sections cut transverse to the 
specimen axis as shown in Figure. 31 (a—g). In most cases it was possible 
to distinguish the outline of the original fibre tows by the circumferential 
resin rich layers. A small degree of voidage was present in some samples.
The density of carbon fibres determined by the sink float method were: 
Fibre T^ rpe HMU HMS HTU HTS A
Density (gram/c.c.) 1.87 1.87 1.71 1.70 1 .7 6
Comparison with the values given in Figure 1 suggested that the 
values obtained for both HT—type fibres were unexpectedly low. The 
calculated fibre volume fractions are given in Figure 32. ;
It should be noted that all the mechanical tests for HMS and SS fibre 
composites were obtained on half—breadth and half breadth/half depth specimens 
respectively due to a shortage of these fibre types. Fevlar composites 
varied slightly in size as this material could not be prepared by the normal 
technique (see 4*2.6.) and a less—accurate home—workshop band saw was used 
instead for cutting beam specimens.
5*1.2. Mechanical Property Data
The results of the impact tests for the three notch conditions are 
given in Figure 32. The glass fibre (e ) composite recorded the highest 
values, closely followed by the Eevlar (PRD) fibre composite. The carbon 
fibre composites all recorded lower energies, which were between 28$ and 
2$ of the glass fibre results depending on the fibre type and notch condition. 
The highest carbon fibre values were recorded for.type A and HMU fibres with 
type A exceeding the unnotched result for both notched specimens. The HTU 
fibre impact energies were approximately half the type A results. The lowest 
values were recorded by the two surface treated fibres (HMS and HTS), the HT
(a) HMU Carbon Fibres (b) HMS Carbon Fibres
,£\Y -X $z ;^V !
(c) HTU Carbon Fibres (d) HTS Carbon Fibres
(e) A Carbon Fibres (f) E Glass Fibres
(g) PED Kevlar Fibres
FIG. 31. Transverse Sections of Different Fibre Composites (X5 6 )
ELhre
/type V
IMPACT ENERGY kj/m2 WORK-TO-SEPARATE k j/m2
Notch Condition Notch Condition .
UN ST TT ' UN ST TT
HMU •35 .8 3 .0 50.9 5 6 .2
(9)
6 1 .7
(3 7 )
35.4
(58)
47.5
(31)
HMS .42 3 0 .6 57.4 9.0
(4 4 )
2 6 .7
(9 7 )
22.0
(89)
2 7 .8
(5 3 )
HTU .30 41.4 39.3 38.2
(2 4 )
4 6 .9
(4 3 )
31.2
(78)
2 9 .9
(4 0 )
HTS .27 23.5 12.7 14.7
(2 8 )
2 1 .7
(68)
8 .2
(80)
7 .2
(7 8 )
A .32 80.8 8 4 .6 95.6
(28)
73.9
(68)
59-2
(8 4 )
66.6
(5 1 )
E .32 332.9 3 0 0 .0 . 450.0
(15)
113-8
(39)
1 1 7 .0
(75)
1 1 5 .9 . 
(5 2 )
PRD .42 2 6 6 .9 1 9 9 .4 2 6 5 .2
(5)
2 4 9 .8
(24)
234-6
(37)
2 4 8 .6
(2 5 )
SS .4 8 8 9.O - —
(1 6)
70.3
(48)
— 6 3 .7
(4 2 )
PTG. 32. Energy Absorbed in Impact and Slow Rate Tests hy 
Different Pihre Composites.
fibre again recorded lower values than the Iff fibre as obtained for the 
corresponding untreated fibres. The stainless steel (SS) fibre recorded 
a small increase over the highest. UN carbon fibre result (i.e. A/UN).
In all cases except HMS/lR/TT and e/ir/tT the notched specimens did not
I *
record significantly different results from the unnotched specimens. Although 
there was some scatter in the volume fraction of these composites it is not 
sufficient* assuming the linear relationship between impact energy and 
volume fraction suggested in Chapter 3* to significantly affect the relative 
ranking ,or magnitude of these results.
The corresponding results obtained for specimens tested at the slow 
rate are also given in Figure 32 for the work-to-separate. These results 
have been further analysed to give the work—to—peak expressed as a percentage 
of the work—to—separate. This result is the lower figure in parenthesis in 
each case. For unnotched specimens only, the upper figure in parenthesis 
refer to the work—to—limit expressed as a percentage of the work-to- 
separate.
In most cases the work absorbed in the slow rate tests were of 
similar magnitude, but slightly lower absolute value, to the corresponding 
impact test result. In the case of glass fibres the slow rate values were 
only one third of the.impact values. It is veiy noticeable that only a 
small fraction on average of the total energy (WS and WNS) was absorbed up 
to the elastic limit and only, on average, half the total energy was absorbed 
up to the peak load. The remainder of the energy was absorbed on a falling 
load curve at decreasing loads and high displacements. The load displace­
ment curves obtained for UN and TT specimens are shown in Figure 33 and 34 
respectively. The trace for HMS composites refers to half-width specimens 
which assuming a straight forward effect of specimen breadth (Figure 28(b)) 
would record half the load of a standard specimen. The curve for SS specimens 
is not shown as the specimens were non-standard in breadth and depth.
The load—displacement trace for HMU/UN specimen deviates from linearity 
at approximately 2/3rds. of the maximum load and further loading occurs at a
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relatively constant load for . 1mm of crosshead travel. Visual 
observation of the specimen suggested that the first failure was a zone 
of compression damage above the central loading points. This failure was 
followed by tensile failure in the latter stages of the test. The load- 
displacement curve for the HYts/UN specimen is very different from the HMU 
case. Brittle fracture occurs shortly after the deviation from linearity 
with no further energy absorbed after the maximum load. The curve for 
HTU composites, particularly when delamination did not occur, were similar 
to HMU composites with considerable energy absorption following the maximum 
load. Delamination failures were associated with sharp drops in the 
sustained load. Compression damage was again visible. The HTS composite 
exhibited a completely linear elastic response up to the stress for 
catastrophic failure. The A, E and PRD curves were similar to HTU composites 
with both compression damage and delamination visible. The E and PRD 
composite showed evidence of multiple delamination and appreciable load 
carrying capacity over 3—4mm. of crosshead displacement with considerable 
energy absorption following the peak load.
The curves for the UN specimens were used to calculate the load/per 
unit width at the proportionality limit and at the peak load, and the
Ag)- This data is given in 
Figure 35 together with the resulting apparent (see Chapter 6) flexural 
stresses (ultimate ( CTp*) and proportionality limit ( ) ) ,  and the 
apparent flexural modulus corrected (E*) and uncorrected (E**) for load 
train deflection. The direct shear failure stress, corrected using a 
factor of 0.4 for K  for the calibration curves in reference 1 6 3, and the 
apparent flexural modulus for long beams of l/d = 16 , are given in Figure 3 5. 
The strength of long beam specimens was also determined for specimens 
showing brittle tensile (HTU, HTS) and compression-initiated failure modes 
(A, HMS). The brittle failure mode stress gave good agreement with the 
short beam results, but for compression initiated failures the longer span 
and large diameter centre roller (20mm) gave an approximately 25^0 increased
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strength (Figure 35 )•
The different fibres were tested to ensure that they were within 
the manufacturers specification (N.B. not available for SS fibres). The 
results obtained were -as- follows: . .
fibre Type HMU HMS HTU HTS A E PRD SS
1650 1913 1715 1553 1750 2100 2616 1345
The results for the HT-type fibres were unexpectedly low when 
. compared with figure 1, the HMU and A fibres also recorded lower limits.
In the following section the fracturegraphic observations for each 
fibre type are given.
5.1.3« Fracturegraphic Observations
(1 ) High Modulus Untreated Carbon fibres (HMU)
Failed specimens for each notch condition at both test rates are 
shown in figure 3 6(a). In general these specimens did not fail by simple 
tension-initiated crack propagation. Detailed examination of the fracture 
allowed different failure modes to be identified. Longitudinal section 
optical micrographs of the failure site and the damage at the second loading 
point for a SR/UH specimen are given in figures 3 7(a) and (b) respectively. 
The composite micrograph, Figure 37(a), shows that the compression failure 
zone consisted of two kink bands at 90° and 67° inclination to the com­
pression face of the specimen. The 67° kink band extended for of the 
specimen depth with tension failure including fibre pull-out for the 
remainder of the lower half of the specimen. The 90° band terminated at 
a delamination failure. A delamination failure also occurred on the 
specimen mid-plane and the top half of the specimen failed by a similar 
mixed compression—tension mode.
The compression buckling extruded material out of the unconstrained 
sides of the specimen affecting a large volume of material so that some 
fibres are perpendicular to their original orientation. The initial kink 
band is more clearly seen in Figure 37(b) where the propagation of the band

Pig. 37. Longitudinal Section of Failed High Modulus 
Untreated Carbon Fibre Composites (x30)
across a resin rich region is also shown. This kink hand was inclined 
at 80° with a width of 90~125)Jin.
The fracture surface of an IR/UN specimen is shown in Figure 
38(a). Delamination did not occur in this specimen and only one region 
of tension and compression failure, in proportions of 67$ and 33% 
respectively, were obtained. Enlargements of each of these regions are .
shown in Figures 38(b) and (c) respectively. The remains of the kink
band are observed on the compression face. The close up view in Figure 
38(d) indicates a kink band width of 120pm with multiple—break or micro- 
kink length between fractures in the individual fibres of approximately 
63pm. Other regions show much shorter lengths of fibre, Figure 38(e), 
down to 20pm. These fibres have a very fibriHated surface as noted by 
Hawthorne et al (47)..for high modulus fibres and shown in Figure 38(f)
for a fibre from the tensile failure region. The maximum length of fibre
pulled out was 300pm.
The plane of failure of ST and TT specimens was normally above 
a loading point and similar to UN specimens. The ST specimen 
delaminated at the notch tip and then failed as an unnotched beam 
with equal regions of tension and compression failure as shown for 
the slow rate specimen in Figure 39(a-). A kink band partially detached 
from the surface is shown in Figure 39(^) and in the enlarged view 
(Figure 39(c)) is seen to consist of three micro—kinks with a unit 
length of 64pm. At the foot of the kink band there was a' rough failure 
plane, Figure 39(d).
The IR/TT and SR/TT specimens are shown in Figures 39(e) and (f) 
respectively. A mixed compression—tension failure with ** l/3rd of the 
beam height failing in compression was obtained. In addition a large 
triangular volume of material had.split from the beam. allowing the bulk 
deformation and pull-out of the section from the notch plane (just 
visible at the foot of the micrograph) to the plane of the loading point. 
The fibre pull-out was shortest at the apex of triangular section
(a) HMU/lR/UN x10.9 ( I d )  HMU/IR/iJN x 106
(c) HMU/lR/UN x106 (d) HMU/lR/UN x510
(e) HMU/lR/UN x510 (f) HMU/IR/iM  x3-57K
Pig. 38. Fracture Surfaces in Failed High Modulus Untreated
Carbon Fibre Composites.
(a) HMU/SR/ST x15.5
(c) HMU/SR/ST x280
(b) HMU/SR/ST x 56
(d) HMU/SR/ST x7T0
(e) HMU/ir/TT x 13.3 (f) HMU/SR/TT x 12.7
Fig. 39. Fracture Surfaces in Failed High Modulus Untreated
Carbon Fibre Composites
suggesting that this part of the failure was not influenced by the prior
i
compression damage.
(2) High Modulus Surface Treated Carbon Fibres (HMS)
Failed specimens at both test rates for each notch condition tested 
are shown in Figure 3 6 (b). In optical micrograph of a failed IR/UU specimen 
is shorn in Figure 4 0 (a). A single kink band approximately JOpm wide is 
present but there is little permanent deformation outside this band (c.f. 
Figure 37)* The -compression zone failure only and the seconding loading 
point damage for a SR/TOT specimen is shown in Figures 40("b) and (c) 
respectively. The kink bands were of similar width and orientation (60°—
7.0°) in all cases. The compression damage covers %Qffo and O^fo of the beam 
depth for impact and slow rate specimens respectively. Scanning electron 
micrographs of these specimens are given in Figure 41(a) and. (b) respectively. 
The kink band along the edge of the SR/uF specimen is shown at higher 
magnification in Figure 41 (c ) and micro-kink fibre lengths of between 
21 and "JOpm were measured.
The rough texture of the tensile failure of the IR/UN specimen was
due to failure of bundles or clumps of fibres on different planes as shown
in Figure 41 (d). Fibre pull-out lengths are fairly limited except at the 
edge of fibre bundles but as few corresponding holes are observed these
lengths of exposed fibre may not have pulled out in the classical manner.
The tensile failure for the SR/uF specimen, Figure 4 1(e), was markedly 
flatter with only short pull-out lengths. This more—planar fracture may
be due to failure being initiated at fewer sites, or due to the compression
.
failure influencing the tension failure to a greater degree as suggested 
by the alignment of the compression and tension failures in Figure 41 (b)
(c.f. Figure 4 1(a)). The enlarged view, Figure 4 1 (f), shows the small 
steps in the matrix fracture plane as it passes the well-bonded fibres and 
the short pull-out lengths, to a maximum of 76pm, obtained in SR/uF specimens.
All notched specimens except SR/TT fractured in the plane of the 
loading point. In all cases a zone of compression damage was recorded.
Fig. 40• Longitudinal Section of Failed High Modulus Surface 
Treated Carbon Fibre Composites (x30)
(a) HMS/lR/UN x11.2 (b) HMS/SR/UF
(c) HMS/SR/lM x343
(e) HMS/sr/UN x 287
(d) HMS/lR/lM
(f) hms/sr/un x2.87K
• 9
Fig. 41. Fracture Surfaces in Failed High Modulus Surface
Treated Carbon Fibre Composites
The TT specimens tested at impact and slow rates are shown in Figure 4'^a; 
and (b) respectively. The load-displacement curve for the SR/TT specimen 
(Figure 3 7 ) suggests by its serrated nature that sequential failure of 
several relatively large volumes of material occurred, provided, as in 
this case, the absence of delamination cracks has been confirmed. -In 
Figure 42(b) several large regions that could have failed in this manner 
can be observed. The fracture of fibres in the compression zone of this 
sample are extremely flat and aligned with the planar matrix failure 
(Figure 42(°))* These failures are in contrast to the fibre failures in 
the compression zone, illustrated in Figures 42(d) and (e),of the_corres­
ponding impact specimens. These fibre fractures exhibit extensive shear— 
lips at approximately 45°7to the fibre axis on both tension, and compression 
faces of the fibre. The complete fibre fracture was extremely similar to 
the failure of the unnotched composite.
(3) High Strength Untreated Carbon Fibres (HTU)
Failed samples for all test conditions are shown in Figure 43(a).
The optical micrograph, Figure 44(a), for a SR/UM failure shows only a 
small region equal to 1.7% of the beam depth which had failed in compression. 
The damage at the second loading point is shown in Figure 44("b) "bo have 
initiated along several radial lines but the main band had the same 
inclination as the failure in 44(a) of 70°. In the IR/UF specimen only a 
few breaks can be observed, Figure 44(c), without any well defined kink 
band as confirmed by the UU specimens in Figure 43(a). The failure site ; 
for the IR/UF specimen did show a region of compression damage similar to 
the SR/uF specimen (Figure 45(a)). The extrusion of the compression kink 
zone out of the side of the specimen is illustrated in Figure 4503) a 
SR/UF specimen viewed from beneath the compression face.
Close examination of the tensile failure region shows, in Figure 
45(c)j'khat the fibre fractures are associated with defects in the fibres. 
Voids, normally centered on the fibre axis, were present which account for 
between 10% and 50% of the fibre cross-sectional area. The presence of
(a) HMS/TR/TT
(b) HMS/SR/TT x11.9 (c) hms/sr/tt x590
**
-ar
(d) HMS/lR/TT 
Fig. 42.
x1.34K
>
”3^
\
(e) HMS/IR/TT x3.36K
Fracture Surfaces in Failed High Modulus Surface
Treated Carbon Fibre Composites

Fig. 44. Longitudinal Section of Failed Untreated and 
Surface Treated High Strength Carbon Fibre 
Composites (x30)
these voids would explain the low density and strength of these fibres.
The enlarged view of this area given in Figure 45(d) indicates that no 
resin has adhered to the fibres and the matrix appears to have relaxed 
away from the fibre forming a large gap at the interface. These HT 
fibres are almost circular with little surface or internal structure as 
expected from the lower processing temperature (47) (c.f. Figure 39(a)).
The range of fibre pull—out lengths obtained is likely to be controlled 
by the severity and frequency of the defects (voids) rather than by the
intrinsic strength of the fibre. This is a severe practical illustration
( ■ ■ ... -
of the defective fibres considered by Cooper and Gladman (156). The 
maximum fibre pull-out length observed was 214yim.
ST and TT specimens failed predominately away from the plane of 
the notch. Compression damage was again present but in some cases, for 
example the IR/TT in Figure 45(®)» d;he zone was very narrow and could be 
missed by a cursory examination. The corresponding slow rate specimen 
showed, Figure 45(f‘)> a small region of tensile failure in the notch plane 
at the apex, the remainder of the failure was in the plane of a loading 
point.
(4 ) High Strength Surface Treated Carbon Fibres (HTS)
Overall views of impact and slow rate specimens are shown in 
Figure 4303)* Delamination failures were not obtained and there was no 
visual evidence of' loading point damage. The optical micrograph in 
Figure 44(d) for a SR/UN specimen suggested by the small zone inclined at 
45°* that a small degree of compression failure had occurred. This was confirmed 
by the short kink band, 5OF11 wide, above the second loading point for this 
specimen shown in Figure 44(e)*' As in previous cases the impact, tested 
specimens failed with reduced compression zones and above the second 
loading point in a IR/UN specimen, Figure 44(f‘)» no fibre failures could 
be detected. Examination of the original micrographs (X56) used to con­
struct Figure 44(d) showed additional fibre breaks in fibres close to the
(a) HTU/SR/UN x11.4 (b) HTU/SR/UN x 29-4
(c) HTU/SR/UN x343 (d) HTU/SR/UN x3-43K
3(e) HTU/lR/TT (f) HTU/SR/TT x 13.
Pig. 45* Fracture Surfaces in Failed High Strength Untreated
Carbon Fibre Composites
(a) HTS/lR/UH x 14 (b) HTS/lR/UN x319
(c) HTS/lR/UN x3.19K
(f) HTS/SR/UN x 1.4K
(d) HTS/SR/lM
(e) HTS/SR/UN x 613
Fig. 46. Fracture Surfaces of Failed High Strength Surface
Treated Garbon Fibre Composites
final fracture path including a group of three fibres where failure 
appeared to have been sequential.
The fracture surface of the IR/uN specimen, Figure 4 6 (a) was 
extremely rough with no distinctive failure zones, but a narrow ( < 50pm) 
region showed zero pull-out lengths and crushed fibres along the com­
pression edge suggesting a small degree of compression damage. The 
enlarged view shown in Figure 4 6 (b) indicated that the fibre pull-out 
lengths were limited to a few fibre diameters (i.e. 57p O  and that few 
fractures showed the presence of a void (H.B* Density of HTU and HTS fibres 
was similar). Fibres with voids in the fracture surface occurred 
preferentially in the plane of the matrix failure. A close-up of a fibre, 
partially obstructed by matrix debris, is shown in Figure 4 6 (c) to be the 
source of the concentric matrix crack emanating from the fibre fracture.
The fracture behaviour of the SR/UN specimen, Figure 4 6(d), was similar 
to the IR/uH specimen. Enlarged views of the fracture in SR/UH in Figures 
4 6(e) and (d) confirmed that voided fibre fractures occurred in the matrix 
plane, and fibres fracturing with short pull-out lengths were un-voided 
with some matrix adhered to the surface. The surface treated HT fibres 
showed more surface texture than untreated HT fibres.
Specimens tested at both test rates in notch conditions ST and TT 
failed with a brittle fracture with evidence of minimal compression damage 
as in the UN specimens . ST failures occurred in the plane of the loading 
point but TT failures particularly at slow rates failed in the notch plane.
(5 ) High Strain Carbon Fibres (a)
Failed specimens for all conditions, are shown in Figure 47* The 
optical micrograph of the SR/UN" specimen given in Figure 4 8 (a) shows a 
compression failure for 40% of the cross-section at an inclination of 78°. 
The kink band width measured for the second loading point, Figure 4 8 (b), 
was 8Opm at the base increasing to 127pm as the band propagated into the 
specimen. As previously the damage was less at the second loading point, 
Figure 4 8 (c), for the IR/uN specimen.
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Pig. 4 8. Longitudinal Section of Failed High Strain Carbon 
Fibre Composites (x30)
damage for 30% of the heam depth. A SR/UN specimen that failed .with 
delamination failures in addition to compression-tension failures is 
shorn in Figure 49(b). The two heams produced "by the delamination crack 
both show the mixed compression—tension failure. As the compression zone 
of the left hand (compression face heam) and the tension zone of the right 
hand (tension face heam) were the largest for each type of .failure it was 
likely that some transverse damage occurred prior to .the delamination. This 
failure mode agreed with the load—displacement curve which showed deviation 
from linearity prior to the delamination load—drop. Enlargements of the 
tension and compression zone for this specimen are given in Figures 49(°) 
and (d) respectively. The tension failure showed pull—out lengths up to 
203pm with fihre failures tending to occur in clumps or bundles. The kink 
hand width for the compression failure was approximately 70pm*
As in the case of other untreated fibres the ST and TT failed in a 
similar manner to the UN specimens. A general view and close up of the 
tension failure zone in a IR/ST specimen is shown in Figure 49(e) and (f) 
respectively. Delamination occurred at the notch tip followed by a mixed 
compression—tension failure.
(6) E Glass Fibres (e )
Failed specimens for all test conditions are given in Figure 
It is apparent that these failures involve a larger volume of the specimen 
than carbon fibre, samples. In particular there was an increased incidence 
of delamination and splitting failures.' In one specimen delamination into 
several beams and the flexibility of the. resultant beams was sufficient to 
allow the specimen to pass through the test jig without a transverse 
failure occurring across the beam depth. The compression damage was also 
more extensive in these specimens including slight damage of the outer 
loading points.
The optical micrograph shown in Figure 51 (&) for a IR/UN specimen 
indicates the extensive volume of deformed material with no clear kink 
band. Areas typical of compression damage can be observed across the full
(a) A/lR/UN x10.5 (b) a/sr/TOT
(d) a/sr/uN
(f) a/ir/st
(c) a/sr/un
(e) A/IR/ST
x245
x12.3
Fig. 49. Fracture Surfaces in Failed High Strain (a )
Carbon Fibre Composites
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Pig. 51. Longitudinal Section of Failed E Glass Fibre 
Composites (x30)
depth of the specimen above each delamination crack. Delamination 
cracks sometimes propagate along the full length of the specimen hut 
in general, as in carbon fibre specimens, propagation is either partial 
or from one loading point to the closest end of the specimen. The 
initial damage is seen more clearly in Figures 5100 and (c) for IR and 
SR specimens, respectively, above the second loading point. This hand of 
damage is not clearly defined hut has a maximum width of 360jm and has an 
inclination of between 80° and 90°•
In carhon fibre composites the final failure even for untreated 
fibres is fairly brittle and a clear fracture surface is available for 
observation. In contrast the high level of general deformation makes 
observation of the details of the failure mode difficult in glass, and 
Kevlar, fibre composites. The compression damage band is shown in 
Figure 52(a) for an IR/TT specimen. Fibre pull out for this same specimen 
is shown in Figure 52(b) to be extensive, up to 1724pm» with some resin . 
and/or coupling agent adhered to the fibres (Figure 5 2(c)). These fibres may 
not be released by pull—out as the extensive deformation may release fibres 
by disint egrat ion of the matrix.
The ST specimens delaminated at the notch root and then failed as 
the IM specimens above the loading point including a further delamination.
The TT specimens failed from the compression damage above the loading point. 
In addition the upper IR/TT specimen in Figure 50(a) illustrates the 
splitting failure that occurs at the apex of the triangular section.
(7 ) Kevlar Fibres (PRD )
An overall view of all specimens tested at both rates is given in 
Figure 500>)» In addition to delamination failures, the volume of 
compression damage was particularly extensive for IM specimens. Splitting, 
failures in TT specimens were sufficient to fracture the specimens into 
two parts. Both splitting and delamination failures were *tied* by fibres 
pulled-out across the crack from the opposing faces of the specimen (Figure
5 3(a)).
(a) E/IR/TT (a) PRD/sr/UN x 27
Cb) E/lR/TT x 29
(c) E/lR/TT x590
(b) PRD/SR/TT x11
(c) PRD/SR/TT x2.63K
Pig. 52. Fracture Surfaces in
E Glass Fibre Composites
Pig. 53. Fracture Surfaces in
Kevlar (PR!)) Fibre Composites
as shown in Figure 53(h). The combination of delamination, splitting and 
compression buckling, was sufficient to allow the specimen to pass through 
the test jig without a transverse failure occurring. Fibres were observed 
to have buckled in compression as shown in Figure 53(c).
Optical’micrographs of good quality were not obtained for this 
sample as the soft fibre tended to smear across the surface.
(8) Stainless Steel Fibres (ss)
Failure of the TM specimens, as shown in Figure 54(&), was 
relatively flat"followed by the delamination failures. Compression damage 
was not observed. The fbrittlef failure mode can be seen more clearly in 
the SR/TT, Figure 54(b), where failure has occurred in the plane of the 
notch. Detailed examination of the fracture surface, as in Figures 54(°)
and (d) shows that the fibres failed in a narrow plane with little fibre
pull-out. Although there was a reduction in area of up to 75% the very- 
small fibre_ diameter limited the length plastically deformed to 23ym (i.e.
~  2 x fibre diameter).
(9) Long Beam Specimens
Failure modes for long beam specimens were the same as for the 
corresponding short beams. The HTU composite failed completely in tension, 
the HTS also failed in tension with possible evidence of a narrow com­
pression failure. The A and HMS composite both showed compression failures 
over 67% and 60% respectively of the specimen cross—section.
(a) SS/SR/UN x10.5 (b) SS/SR/TT x11.2
(c) SS/SR/TT X1.11K (d) SS/SR/TT x1.09K
Fig. 54* Fracture Surfaces in Failed Stainless Steel Composites
■5.2. The Effect of Fibre Diameter
5.2.1. Introduction
The tensile strength of the as—drawn glass fibres for diameters from 
9 to 308pm are given in Figure 55(a). The strength fell with increasing 
diameter as expected when the full precautions taken by Thomas (5 ) are 
not employed. The tensile strengths recorded at small fibre diameters
are acceptable for unprotected glass fibres particularly as individual
■ ' 2
results were as high as 35^0 MN/m . The fall—off in strength was not too
severe considering the wide range of fibre diameters studied.
The composites prepared using these fibres had an average fibre
volume fraction of O.5O with a standard deviation of 0.107. Transverse
sections of five specimens selected from across the fibre diameter range
are shown in Figure 56 a, b, c, d, and e for fibres of average diameter
223, 119* 52, 33 and 9pm. respectively. Some variation in fibre size was
apparent but the fibre sizes studied did not normally overlap. The fibres,
even at the largest diameters, contained few internal defects (e.g. voids).
It was noticeable during fabrication of the composites that the easier
wetting, alignment and compaction of large diameter fibres resulted in •
higher volume fraction composites.
5.2.2. Mechanical Property Data
The energy absorbed by IM specimens tested at both rates are given 
in Figures 57(a) and (b). In 57(a) the actual results obtained are given 
and in Figure 57(b) after correction to a constant of 0*5 by assuming
that the energy absorbed is a linear function of volume fraction. The 
uncorrected results suggested an increased energy'absorption with 
decreasing fibre diameter, with a fall—off at the smallest diameters.
When corrected to O.5O the slow rate results increased approximately 
linearly with decreasing fibre -diameter. The impa,ct tests recorded 
higher values for diameters less than 60pm, except for 9pm composite 
which again recorded a fall—off, but showed the same trend.
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Pig. 56. Transverse Sections of Different Diameter Glass Fibre Composites
(x56).
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FIG. 57 Energy Absorbed by UN Specimens for Different
Fibre Diameter Composites
calculated for slow rate specimens and the results are given in Figure 
55(h) and (c) respectively. In hoth cases uncorrected and corrected to 
O.5O results are given. The scatter obtained in the results prevents 
any clear trends being discerned, but for fibre diameters greater than 
120pm the flexural failure stress were equivalent to 100% of the fibre 
ultimate strength (i.e. Y^ CT^ ). At smaller fibre diameters lower 
efficiencies down to 5 (i»e. 0.5 Y ' O*^ ) were obtained. Typical load— 
displacement curves for a small diameter (9pm) and a large diameter (223pm) 
composite are given in Figure 5 8.
The energy absorbed by TT specimens at both test rates are shown in 
Figure 59(a) and following correction to 0 .5  Y^ in Figure 5903)*
The apparent peak in the uncorrected results was not obtained 
after correction to O.5O when trends similar to UN specimens 
were "obtained. For 120pm diameter fibres and below the difference between 
IR and SR results is more marked than normal but these tests were carried 
out using 4-P°irt and 3-point loading respectively. The values for TT 
specimens are in general lower than the corresponding UN specimen.
5.2.3. Fracturegraphic Obs ervat ions
Two failure modes were identified over the range of fibre diameters 
tested. At large fibre diameters the failure initiated and propagated in 
tension. At small fibre diameters failure initiated in compression and 
resulted in a mixed tension—compression failure mode. Delamination failures 
tended to occur predominately in the large diameter composites as a 
secondary failure. These two failure modes are illustrated in Figure 60(a) 
and (b) for 243pm and 19pm fibre diameter composites. The tensile 
initiated failure shows a single failure zone and a surrounding band of 
translucency that may be considered to be due to fibre debonding, with 
short transverse microcracks on the specimen surface. In contrast the 
compression initiated failure (Figure 60(b)) shows two failure zones, one 
above each central loading point. One of these compression regions has 
preferentially propagated to be followed by tensile fracture of the
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(a) Fibre diameter = 243pm
(b) Fibre diameter = 19pm
Fig. 60. Slow Rate UN Specimens of 19pm and 243pm Diameter 
Fibre Composites (x2.0)
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surrounded each compression failure.
Failures in composites selected from across the range of fibre 
diameters were studied in further detail using scanning electron micro­
scope observations. Similar results were obtained for both UN and TT 
specimens but as the TT fracture micrographs illustrate the failures more 
clearly theyare predominately referred to in this section. At 9pm fibre 
diameter failure initiated on the compression face and propagated across 
the majority of the section as shown in Figures 6 1(a) and (b) for SR/TT 
and IR/TT specimens respectively. In the SR specimen compression damage 
was most extensive and occurred in the plane of the loading point which •
for this particular test condition was also the plane of the notch. In
the impact specimen failure occurred above the loading point with pull- 
out of a section of length up to the plane of the notch plane. Splitting 
cracks along the tensile paid of the triangular section, and delamination 
cracks in the unnotched beam section are also present. This compression 
damage is shown more clearly in Figure 61(c)., and the high degree of 
disintegration of the matrix is seen in Figure 61(d).
The 33pm fibre diameter specimen also failed in compression but the 
compression damage region was less extensive, being restricted to the 
lower third of the beam height as shown in Figure 6 1(e) for a SR/TT specimen 
The extrusion of the compression damage region is shown in Figure 6l(f).
This extrusion could be detected by the unaided eye during the fairly 
early stages of the test. In the 33/lR/TT specimen only a small zone of 
compression damage was obtained.
At 52pm fibre diameter there was still some compression damage
present as shown in Figure 62(a) for a IR/TT specimen but the general
randomness of the tensile fibre fractures suggested that it had a less 
direct influence on the final tension failure. This observation was 
confirmed by the SR/UN specimen fracture shown in Figure 62(b) which has 
a wide irregular tensile fracture plane in contrast to the narrow well—
(a) 9/SR/TT x 13 (b) 9/lR/TT x 13
(e) 33/sr/tt x 1 U 4  (f) 33/sr/tt x23-5
Pig. 61. Fracture Surfaces in Different Fibre Diameter Composites
(c) 9/ir/tt (d) 9/ir/tt x1 -27K
(a) 52/lR/TT x11.8 (b ) 52/SR/lM x9-7
(e) 119/SR/UN x10.3 (f) 119/sr/UN x 94-5
(d) 119/lR/TT x 12(c) 52/sR/UN xO.945K
Fig. 62. Fracture Surfaces in Different Fibre Diameter Composites
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failed in tension is shown in Figure 62(c) and exhibits the fracture
markings expected for brittle failure including a mirror region at the
site of failure initiation (i.e. at 4 o’clock).
At 119pm fibre diameter, observation of the specimen during testing
suggested a tension—initiated failure. A SR/TT specimen shown in Figure
62(d) contained random fibre lengths except at the base where the lengths
were much shorter. This region did not appear fully typical of compression
damage but small regions exhibiting the extrusion normally associated with
/ . \ . * ■ 
compression failures at the loading points are shown in Figure 6 2(e) for a
SR/iM specimen. An enlarged view of this extrusion is shown in Figure 6 2(f).
These compression failure features were not detected in IR/UN or IR/TT
specimens.
At 223pm fibre diameter a pure tension failure was obtained for all 
test conditions as shown in Figures 6 3(a) and (b) for SR/TT and SR/lIN' 
specimens respectively. At these large fibre diameters there were 
relatively few fibres in the cross-section so that the failure of a weak 
fibre may have a significantly greater effect on neighbouring fibres. The 
fracture plane through two fibres in contact is shown in Figure 6 3(c). It 
is clear from the enlarged view, in Figure 6 3(d), that failure of the 
lower fibre was initiated by the failure in the upper fibre. This failure 
mode and the micrographs are veiy similar to the observations reported by - 
Cooper and Felly (1 6 6) for brittle tungsten wires in a ductile matrix.
Cb) 223/sr/uN
(c) 223/SR/UN x113 (d) 223/SR/UN x284
Fig. 63. Fracture Surfaces in Different Fibre Diameter Composites
5.3 . The Effect of Fibre Volume Fraction 
5*3.1. Introduction
The measured volume fractions by resin bum-off varied from 
approximately 0.15 to 0.60 for both resin compositions. The micrographs 
of transverse sections from across the range of volume fractions shown in 
Figure 64(a—e) illustrates the distribution of fibres obtained. The round— 
ness of the fibres confirmed that good alignment was obtained but at low 
volume fractions, where less compaction of the composite during fabrication 
occurred, a residual degree of porosity existed. The fibre distribution 
was not uniform and close packed regions existed as shown in Figure 6 4(f) 
for a 0 .1 5 V^ composite. The tow boundaries were not so clearly defined as 
in carbon fibre composites.
The filament winding process required a degree of tuning to achieve 
optimised operation and the production of void free material. Little.has 
been published in the literature on the optimum fabrication parameters or 
on the procedures to be followed to obtain such conditions (e.g. resin 
viscosity, fibre tow tension and rate of winding). Consequently this 
fabrication route is often more an ’art’ than a ’science’ in the early 
stages. It was noticeable that material made in the later stages of this 
work was of improved quality, and in later projects further improvements 
were made to the wet—out procedure.
All the specimens tested in this series were half—depth specimens and 
the increased span—to-depth ratio would be expected to reduce the magnitude 
of shear stresses present. The results for the two fibre directions (i.e. 
longitudinal and transverse to the specimen axis for the 6 0 /4 0 resin only) 
are reported separately. TT specimens were tested in 3—pt bend.
5.3.2. Longitudinal Specimens (1)
(a) Mechanical Property Data
The energy absorbed by UN specimens at the two test rates are shown in 
Figure 6 5(a) and (b) for the IOO/Q and 6 0 /4 0 resin respectively. Within the 
scatter expected with wet lay—up composites and with impact tests the results
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fibre volume fraction. For both resins the impact values .were approximately 
2—2.5 times greater than the slow rate values. The 60/4O resin results were 
slightly greater than the 1 0 0 /0 resin results.
Typical load-displacement curves for 100/o composites and the base 
resin are given in Figure 6 6. With increasing fibre volume fraction the 
maximum load increased with at first increasing strain (displacement) and 
then reducing failure strain (displacement). In all cases deviation from 
linearity occurred prior to the maximum load. . The resin curve Was essentially 
linear elastic to failure. The apparent modulus and strength calculated 
from these curves, as previously, are given in Figures 6 7(a) and (b) 
respectively. The modulus values are close to that expected from a rule of 
mixtures relationship (iT.B. 6 0 /4 0 line only significantly, different from 
1 0 0 /0 line at low V^) with lower values in general recorded by the 60/4O 
resin composites. The flexural strength also showed a linear rise at low 
volume fractions hut with increasing volume fraction there was a fall—off 
from this relationship. The fall—off liras particularly severe for 60/4O resin 
composites. Also shown in these figures are the results obtained for hearns 
with l/d = 30 for 6 0 /4 0 resin composites. The moduli were slightly greater 
than the short beam results but most noticeable was the increased strength 
at high volume fractions.
The results for the energy absorbed by TT specimens at both test rates, 
for IOO/O and 6 0 /4 0 composites are given in Figure 6 8(a) and (b) respectively. 
The impact tests were greater than the slow rate by a similar degree as for 
TOT specimens. The only difference.between the two sets of results was the 
lower values obtained at high in 6 0 /4 0 resin composites. The absolute 
level of TOT and TT results were very similar.
(b ) Fracturegraphic Observations
(i) TOT specimens
, Examination of the failed TOT specimens allowed, over the range of fibre 
volume fractions studied, three failure modes to be identified. At low
14
00
S U 0 1 M 2 N  ' P D O “I
FI
G.
 
66 
Lo
ad
-D
is
pl
ac
em
en
t 
Cu
rv
es
 
fo
r 
10
0/
0 
Re
sin
 
Co
m
po
si
te
s 
an
d 
Un
re
in
fo
rc
ed
 
Re
si
n
Ap
pa
re
nt
 
fle
xu
ra
l 
st
re
ng
th
, 
M
N
/m
{=
z
o
*
in
J D
= j
• uo
E
5 0 -
ot
3
X
V
H— 25-
+->
c
(_
o
Q l
CL
<
A
./S x *
/ X 3 ©
X £
/© ©
M ix tu r e s  ru ie  
10 0 /0  resin
O o
o
O 0-2 0 -4  0 -6
(a) Apparent flexural modulus
Short beams 
x 1 0 0 /0  resin 
o 6 0 /4 0  resin 
Long beams 
A 6 0 /4 0  resin
J
0-8 O
xx
0-8 10 
Volume fraction
O 0-2 
(b) Apparent flexural strength
0 -4
FIG. 67 Apparent Flexural Properties as a Function of
Fibre Volume Fraction
400
CM
3 0 0
f 200
IOO
O
o
X
X
© Impact rate 
x Slow rate
0-2 0-4 0 - 6
(a) 1 0 0 /0  resin-longitudinal
0-8
V,
IO
3 0 0
CM
200
O'c.
o
c
LU
IOO
Q
O
x
X
XX
X X
x Slow rate
0-8 •O0-2 0 -4  0-6
(b) 6 0 /4 0  resin-longitudinal n
FIG. 68 Energy Absorbed by TT Specimens as a Function
of Fibre Volume Fraction
V U J .  U i U «  X  J - C b '- ’ U X U I 1 Q  I O I X U J . C  VUCUO J / J -  ^ U - U i u i i i a , u ^ x j  JLJ.J. U G i i Q j . u i i j  a . u  i U U 5 i i u ^ u . j . u . u v
volume fractions there was a mixed tension/compression failure and at the 
highest volume fractions the failure was predominately in compression. 
Representative specimens for each type of failure are shown in Figure 69a, 
b and c respectively. Specimep. (a) was 0.15 and a tension initiated 
failure occurred without any evidence of damage on the compression face of 
the beam. Specimen (h) was 0.40-V^ and a zone of compression damage was 
evident above each of the two loading points which extended for half the 
depth of the "beam. A tension failure over the remaining half of the "beam 
was associated with the more extensive compression damage region. Specimen 
(c) was 0 .6 6 V^ , and the failure was almost completely compressive with only 
a thin layer of tension failure on the tensile face of the beam. (N.B. This 
specimen has "been photographed at a slight angle displaying part of the top 
surface of the "beam. All these specimens were the same depth ).
A typical failure in a high material (100/.65/SR/UN) is shown in 
Figure 70(a) and (h) in scanning electron and optical micrographs respectively. 
The compression failure can he seen in Figure 70(a) to occupy at least two- 
thirds of the hearn depth. The remainder of the failure was a, narrow tensile 
failure with its position clearly associated with the compression failure.
Also apparent are the delamination failures with the largest failure at the 
boundary of the two failure.zones. These observations are confirmed by the 
optical micrograph which is a section on the transition zone. Multiple 
delamination produced several beams which were sufficiently flexible to allow 
the specimen to pass through the test jig with transverse failure limited to 
a small region of compression damage on the lower beam as shown in Figure 
70(c) for a 60/. 62/SR/UN specimen. The compression damage consisted of 
several 100pm long kink lengths of fibre.
The alignment of the compression and tension zones, and the narrowness 
of the tension zone can be seen in Figure 7 0(d) for a IOO/.49/SR/UM specimen. 
Detailed observation of the compression damage, as in Figure 7 0(e) showed 
characteristic kink bands "with a width of 40—l80pm. Fibre pull*—out occurred
■
■
(a) 0.15 Vf
(b) 0 .4 0  Vf
(c) 0.66 ?f
Fig. 69. Jailed Specimens of 0.15, 0.40 and 0.66 V.
Glass Fibre Epoxy Composites (x2.5)
(a) IOO/.65/SR/UN/I x12.9 (•b) IOO/.65/SR/UN/1 x30
(d) 100/.49/SR/UN/1(c) 60/.62/SR/UN/l
(e) 100/.49/SR/UN/1 x 138 (f) 100/.49/SR/UN/1 *345
Pig. 70. Fracture Surfaces in Failed Different Volume
Fraction Composites
short pull-out lengths at the foot of the zone. The pull-out length increased 
from a minimum of 20pm to a maximum of 2000pm on the tensile face of the 
hearn. Figure 70(f) suggests that pull-out frequently occurred by the 
sequential failure and pull—out of clumps or bundles of fibres.
As the volume fraction was decreased there was an increased area 
of the specimen cross-section which exhibited tensile failure. At the 
lowest volume fraction failure occurred with little or no compression 
damage as shown in Figure 71 (a-) for a 6o/. 22/lR/lM.specimen. The optical 
cross-section in Figure 71 (b) shows that a small amount did occur above 
the loading point. The corresponding slow rate specimen did not show this 
damage. At 0 .1 5 only tensile failure was observed even for the impact 
tested samples. In these specimens multiple fracture (147) of the matrix 
has occurred, which was particularly extensive for the impact tested 
specimens, as shown in Figure 71 (c)''for a 60/. 15/lR/lM specimen. The 
equivalent slow rate specimen (60/. 15/SR/lM) was the only specimen and 
test configuration from the low unnotched tests that did not exhibit 
multiple cracking in the matrix. In this case, Figure 71(&)t single matrix 
cracking dominated the failure with only veiy short pull-out lengths 
observable. (U.B. The microscope sections shown in Figures 7l(c~e ) were 
not cut exactly along the specimen axis so that the fibres are not parallel 
with the section).
It was also observed in low volume fraction specimens that shear type 
cracks were initiated in resin rich layers parallel and between the aligned 
fibres. This mode of failure is shown in Figures 71 (e) and (f) for 
6O/.22/SR/UN' and 100/. 27/SR/lM specimens respectively. These cracks develop 
into shear "lips" or "teeth" when a complete separation of the surfaces 
occurred as shown,, not very clearly, at the top of Figure 7 1(f).
(ii) TT specimens
Extensive regions of compression damage were also apparent in higher 
V^ TT specimens. In figure 72(a), for a 100/.65/sR/TT specimen, approximately
(b ) 60/. 22/lR/lJN/l *3 0
(d) 60/. 15/SR/ON/l x30
(a) 60/. 22/lR/UN/l
(c) 60/. 15/lR/UN/l
(e) 60/. 22/SR/UN/l x 103.3 (f) 100/. 27/sr/UN/1 x 103 3
Pig. 71• Fracture Surfaces in Different Volume Fraction Composites
(a) 100/.65/SR/TT/1 x 14 (b ) 100/.39/SR/TT/l x 14
(c) 60/.15/sr/tt/ 1 (d) 60/. 42/SR/TT/l
(e) 60/.42/SR/TT/ 1  x325 (f) 60/.42/SR/TT/ 1  x670
Fig. 72. Fracture Surfaces in Different Fibre Volume Fraction Composites
OUu/o of the surface area can be observed to show compression failure. At 
lower volume fractions an increased tension region was obtained as shown 
in Figure 72(b) for a 100/.39/SR/TT specimen. In both Figure 72(a) and 
Cb) extensive delamination along the tensile portion of the triangular 
section into the main beam can be observed. At the lowest the entire 
surface exhibited tensile fracture with very short pull-out lengths as 
shorn in Figure 72(c) for a 6o/. I5/SR./TT specimen.
Detailed examination of an intermediate specimen (60/.42/3R/TT) 
suggested the existence of three failure zones. The upper half of the 
triangular section, Figure 72(d) consisted of tensile failure with long 
pull-out lengths. Below this region was a band approximately 5'00pm wide 
of very short pull-out lengths. At the base of the triangle was a further 
band approximately 200pm wide of completely flat fracture. The latter two 
bands are shown enlarged in.Figures 72(e) and (f) respectively. The region 
in Figure 72(f) appeared to consist of compression failure of fibres which 
initiated matrix cracking. The dominant reason for the plane of failure 
occurring in 'the plane of the notch, was that this was also the position 
of the central loading anvil (also applies to 5 *4 results).
Tests were undertaken for ST specimens for the 100/0 resin but as 
delamination occurred at the notch tip and failure continued as for a 
UN specimen these tests were not pursued further as no additional 
information was obtained. Failure in long beam specimens with a 20mm 
diameter roller occurred in tension except at the highest when the 
standard mixed mode failure was obtained.
5.3»3. Transverse Specimens (t)
(a) Mechanical Property Data
The results for impact tests on transverse UN specimens for 6 0 /4 0
resin only are given in Figure 73(a) as a function of fibre volume fraction.
There was considerable scatter as would be expected for a brittle failure
mode. The energies recorded were very low and were a small fraction of
the corresponding longitudinal specimen results. The degree of scatter 
prevented any clear trend being discerned but a least squares fit did
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ssug-gtjsu cui xnux-ea-ae in impac-u energy witn increasing fibre volume fraction.
The absorbed energy in slow rate tests for TIET and TT specimens are given
in Figure 73(b). There was little dependence on and the results are
lower than the impact results for UN specimens. Also given in this figure
is the energy absorbed up to £he peak load (WP) which fell with increasing
V„ from a maximum at 0.1A V . 
i f
The slow rate tests for UN specimens were analysed for the apparent 
flexural properties as recorded in Figure 74(a), (b) and (c). The flexural 
modulus rose with increasing V^, the flexural strength was relatively 
invariant and the failure strain fell rapidly from the unreinforced value 
of 8 .50% to ■*' 0.8% at O .1 5 and continued falling to ^  0.3% at O.5O .V^ - 
Also reported in Figure 74C*3) are the punch shear strength which for all 
volume fractions recorded values close to the unreinforced matrix shear 
strength.
(b) Fracturegraphic Observations •
An optical micrograph of the failure in a low specimen 
60/. 15/SR/UN/t) is shown in Figure 75(a) and an enlarged view of the 
initiation site is shown in Figure 75(t>). Failure initiated on the tensile 
face in an area where the fibres were closely—packed and the crack propagated 
along the interface boundary with regions of matrix failure between fibre 
bundles. At higher as shown in Figure 75(c) a 60/.42/lR/UN/t 
specimen, the fracture path was more tortuous with no clearly defined 
fracture initiation site. The enlarged view of a 60/.62/lR/UN specimen in 
Figure 75(d) shows the close packing of fibres and the shear lip failure 
of the thin resin layer between fibres. The close up of the tip of a TT 
notch, Figure 75(e) — 60/.42/sR/TT/t specimen, indicates the high fibre 
packing in the failure path and the increasing degree of fibre pull-out 
due to the increasing width of the fracture as the crack propagated through 
the section. In a low specimen, 60/. 15/SR/TT/t, in an area remote from 
the notch tip, brittle fracture in the wider regions of matrix and shear 
lip fractures in the thinner regions were observed (Figure 75(f)).
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Fig. 75* Fracture Surfaces of Transverse 60/40 Resin Composites at
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5*4*1• Introduction
There was some variation in the quality of the composites in this 
series of tests. The additions of the plasticising resin to the standard 
resin modified the wetting characteristics, gell—time and viscosity of the 
resin. As a result the filament winding process produced some variation 
in the degree of porosity "between composites with different resin formula­
tions. The maximum porosity measured was 6%. The fibre volume fraction 
was maintained fairly constant at 0.43 with a standard deviation of 0.023.
Half depth UN and TT specimens were tested in 4~P"k and 3—pt bend 
respectively. Longitudinal composites, transverse composites and resin 
specimens were tested and the results are reported together in the next 
section to allow easy comparison between composite and resin properties.
Polishing of microscopic sections for optical microscopy of the more 
heavily plasticised resin composites was limited by the tendency of the 
resin to smear across the surface.
.5 .4- 2. Mechanical Property Data 
(a) UN Specimens
The results are given in Figure 7 6(a) for the energy absorbed at 
impact and slow rates by UN specimens of unreinforced resins and 
longitudinal composites. Also shown In this figure are the impact results 
for transverse composites. These last results are shown in greater detail 
together with corresponding slow rate results in Figure 7 6(b). The 
absorbed energy recorded for unreinforced resins increased with the degree 
of plasticisation to a peak value for the 4^/60 resin followed by a slight 
drop for the 20/80 resin. This drop may be partly due to the flexibility 
of these specimens which allowed the specimens to pass through the jig 
without fracturing so that the test was prematurely terminated and thus 
limited the energy absorbed. It was noticeable that the largest fall-off 
occurred in the slow rate test when the 20/80 resin could virtually "creep” 
through the jig under a small applied load. In all cases the slow rate
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previous results for reinforced resins, in spite of the additional 
energy losses (e.g. toss energy) included in the impact result.
The longitudinal specimens recorded results appreciably greater 
(500—2500%) than the unreinforced resins hut in contrast to-the resins 
the energy fell with increasing plasticiser content. The fall—off was 
most marked up to 40% plasticiser content, further increases resulted 
in little further change. Reinforcement of the resin by fibres orientated 
transverse to the fibre axis resulted in a fall in impact energy. The 
slow rate results were lower than the impact results. Consequently 
because of the higher slow rate results for the resin, the embrittlement 
was greatest for the slow rate tests with a maximum .ratio of the 
energy for the two materials of 4 7 The energy absorbed by the 
transverse specimens increased slightly with resin plasticiser content 
but the trend was not well defined for the impact tests. :
The apparent flexural properties were obtained from slow rate tests 
on both resins and composites. The stiffness of the resin fell con­
tinuously, as expected, with increasing plasticiser as shown in Figure 77(a).
The transverse composites show a similar level at twice the magnitude,
\
except for the 20/80 resin, of the resin results. The longitudinal 
composite results were much greater (800—1000%) than the resin results 
and fell sharply between 4 0 /6 0 and 20/80 resin compositions.
The strain has also been calculated for these specimens using the 
equations given in Figure 28(b) and are given in Figure 77(b). The 
failure strain for the unreinforced resin increased with plasticiser ' 
content but as these results were obtained in flexure for plastically 
deforming res ins they should only be considered as an indication of the 
resin response. The transverse composites recorded very low failure 
strains, less than 1% for 100/0 to Afi/60 resins with a significant rise 
for the 20/80 resin. The proportionality limit strain was the only 
acceptable result that can be obtained for longitudinal specimens because 
the response of the beam was very non-linear above this strain. This
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FIG. 77 Apparent Flexural Properties of Resins and 
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from 3 »5^ to 1.5/£*
The calculated flexural strengths are given in Figure 78(a) and
(h). As the plasticiser content was increased there was a small rise in
2the resin strength to 110MN/m for the 80/20 resin followed by a'rapid and
continuous fall'to a minimum of 1.7MN/m for the 20/80 resin. The
relatively low strength of the -1 0 0 /0 resin may he due to the sensitivity
of the brittle failure to stress concentrations such as voids and even
dust particles (1 6 7). Manufacturer * s data gave a flexural strength of 
2
120—135MN/m . Comparative compression tests on 1cm cubes of each resin
2confirmed the general trend but a strength of 128MIl/m was obtained for 
the 100/0 resin. In each case failure occurred by shear bands followed 
by cracking at high strains. It was not possible to measure a maximum 
load for the 2 0 /8 0 resin as the load increased continuously even after 
the specimen had fragmented. The strength of longitudinal specimens fell 
continuously from the 100/0 composite result. The transverse specimens 
recorded little influence of resin plasticisation except for the fall at 
the 20/80 composition. This later value was in this case only an 
increased value compared to the resin strength. The remaining strengths 
were only .18—.41 of the corresponding resin strength. The strength of 
long beams (l/d = 30) is also given in Figure 7 8(b). At 100/0 the strength 
was within the scatter for the short beam results but at increased 
plasticiser contents the strengths recorded were greater than the short 
beam results. The flexural moduli for these specimens recorded in 
Figure JJa, were higher at all compositions with dramatic increases at 
the highest plasticiser content.
The punch shear strength for the unreinforced resins and the 
transverse composites sheared parallel with the fibre direction are shown 
in Figure 7 8(b). The resin results follow the same trend as the compression 
and flexure (excluding IOO/O resin) results at approximately half the 
absolute value. The 20/80 resin strength was greater than the apparent 
flexural strength. The shear strength of the 100/0 resin composite was
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flexural strength. As the plasticiser content was increased the shear 
strength increased and for 40/60 and 20/80 compositions was greater than 
the resin shear strength.
Additional information was obtained for the unreinforced resins by 
measuring the Poisson ratio using clip—gauge extensometers. The results 
are given in Figure 79(a) except for the 20/80 resin which was sufficiently 
soft to allow deflection of the transverse gauge due to the pressure of 
the extensometer tensioning spring. An extrapolated value of 0.436 has 
been used for the 20/80 resin together with measured values for the 
remaining resins to calculate the bulk and shear moduli from the flexural 
(Youngs) modulus. All these moduli are given in Figure 79(h) together 
with the appropriate equations.
'(b). TT Specimens — Slow Rate Tests
Testing was restricted to TT notches only as the ST notches had 
not been successful in promoting notch sensitivity in aligned composites 
in previous sections of this work. As only unstable TT load traces 
(Figure 11(b)) were obtained for TT resin specimens the energy term 
given in Figure 80 refers to the energy for crack initiation in an ST 
notched beam with c/d = 0.5* The results are also given in Figure 80(a) 
and (b) for longitudinal and transverse composite TT specimens respectively. 
The longitudinal specimens recorded falling energy absorption and the 
transverse specimens increasing energy absorption with increasing 
plasticiser content. Compared to the unreinforced resin the transverse 
composites recorded higher energies at low plasticiser content, and 
lower energies at high plasticiser contents.
5 .4 .3 * Fracturegraphic Observations 
(a) Longitudinal Specimens (l)
Failure in IM specimens of composites prepared from low plasticiser 
content resins occurred initially by a compression buckle as shown in 
Figure 81(a) and (c) for a 80/SR/tM and 100/SR/U1F specimen respectively.
The compression failure covered approximately of the beam cross- 
section with a tension failure directly above the compression zone for
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IOO 8 0  6 0  4 0  2 0
2(1 +v) 3(1-2v)
x Flexural modulus (E) 
+ Bulk modulus (K)
© Shear modulus (G)
20
Percentage of standard resin
79 Poisson Ratio and Calculated Bulk and Shear 
Moduli of Unreinforced Resins
4 \
1 2 0 - \
'-X-----
O'
20
O'
o Transverse 
*  Resin
0-5
6 0  4 0
Percentage of standard resin
8 0
(b)
FIG. 8 0  Energy Absorbed by TT Specimens of Resins and
Different Resin Composites
(a) 80/sr/UN/i x13 ("b) 20/sr/u n/1 x13
(c) ioo/sr/un/i x30 (d) 40/lR/lM/l
PIG. 81. Practure Surfaces of Different Resin Composites
tne remainder 01 m e  oeam.
At higher additions of plasticiser there was an increased percentage 
of the "beam cross-section that exhibited compression damage. This type of 
failure is shown in Figures 8 1(b) and (d) for a 20/SR/tM and 4O/IR/toT 
specimen respectively. The 20/sr/TOT specimen passed through the test 
jig without any observable damage on the tension force of the beam and 
the compression damage covered JOfo of the beam cross-section.
■ 'Sj*
Kink bands, 600-800pm wide in Figure ch(d), were observed in 
composites with high plasticiser contents, but they were not observed for 
low plasticiser content composites although the initial failure mechanism 
was the same. As previously reported, kink bands in glass fibre composites 
were not well-defined. In addition, there was a reduced tendency to 
delamination failures with increased plasticiser content. Shear lips 
could be observed on delamination fracture surfaces. The shear lips were 
finer in the 1 0 0 /0 resin composite than in the 40/60 resin composite as 
shown in Figure 82(a) and (b). (H.B. The 100/0 sample is from the series 
of tests in 5*3 )•
The failure modes observed in TT specimens were similar to those 
reported above for URT specimens. A 80/lR/TT specimen failed with some 
compression damage, as shown in Figure 8 2 (c), and a significant amount of 
tensile failure including fibre pull—out, splitting and delamination of 
the triangular section. This is also shown in Figure 82(d) for a 60/IR/TT 
specimen. In contrast the 40/SR/TT specimen in Figure 8 2(e) exhibited 
predominately compression damage with a few fibre tensile fractures along 
the edge of the triangular section. In 20/80 resin composites complete 
separation of the specimen during the test did not occur. The failure 
zone in a 20/SR/TT specimen is shown in Figure 82(f). A compression kink 
band, 740rei wide, was observed but no evidence was found of a tensile 
failure emanating from the notch tip.
(*) Transverse Specimen (t)
Fracturegraphic observations of the transverse composites for all
(a) IOO/.48/IR/UN/ 1  x550 (b) 40/SR/TT/l x335
(c) 80/SR/TT/l (d) 60/sr/tt/i
(e) 40/SR/TT/l x 13 (f) 20/SR/TT/l x21
PIG. 82. Practure Surfaces of Longitudinal Composites for
Different Resin Composites
notion conaitions am ootn test rates showed, the occurrence of brittle 
failure with little difference between the.resins. The slight and 
reproducible fibre misalignment due to the filament winding procedure 
is seen in Figure 8 3(a) for a 80/lR/UN/t specimen. In Figure 8 3(b),
(c) and (d) specimens with increasing additions of plasticiser are shown. 
These specimens are respectively a 60/lR/lM/t, a 40/SR/UN/t, and a 
20/SR/TT/t near the notch tip including notch cutting debris. In all 
cases a single tensile initiated fracture was obtained. In.all cases 
failure of the resin rich layers between fibres can be seen to have 
included some failure by shear lips. It became less discemable. as the:. 
resin plasticity was increased.
(c ) Long beam specimens
As with short beam longitudinal specimens there was a graduation in 
failure modes as the plasticiser content was increased. The 100/0 specimens 
failure was completely tensile but the test was terminated by the specimen 
passing through the jig with 20% of the beam depth unbroken. There was 
no visual evidence of compression damage. The 80/20 specimen failed in 
an identical manner. The 6 0 /4 0 specimens failed with a mixed 60^4$/ 
compression/tension failure but in one case associated with a reduced 
failure load only tensile failure was obtained. The 4 0 /6 0  specimens failed 
with a mixed 50^0^compression/tension failure in all cases. The 20/80 
specimens failed initially in compression and only after considerable 
deformation was tensile failure obtained in the outermost tensile surface 
layer. The intermediate region remained unbroken.
(a) 80/lR/UN/t (b) 60/lR/lM/t
(c) 40/SR/UN/t x360 (d) 20/SR/TT/t x340
PIG. 83. Fracture Surfaces of Transverse Specimens of
Different Resin Composites
5»5 • The Evaluation of Commercial Laminates
5 .5 .I. Introduct ion '
All the materials in this series of tests were used in the as- 
received condition. The fibre geometry of these materials are shown in 
a series of micrographs taken from untested samples. The micrographs for 
the weave—epoxy . (22CE) are shown in Figure 84(a-c). In Figure 8 4(a) 
the top surface, viewed along the fzT direction, is shown at a cross-over 
point in the square—weave fabric. The section viewed from fy f is shown in 
Figure 8 4(b) and as the fabric was a balanced weave the view from fx* was 
similar. An enlarged view of this section shown in Figure 8 4(c) illustrates 
the close packing within individual bundles of the weave and a width of 
resin between layers of reinforcement similar to the width of fibre bundles.
Corresponding sections are given in Figure 84(d—f) for mat—epoxy 
(33I^ S)» The top surface in Figure. 8 4(d) shows the random orientation of 
the chopped strand in the mat, while Figure 8 4(e) confirmed that this 
randomness"was within the ’xy* plane and that the composite structure 
consisted of laminae of chopped fibre mat. Fibre cross—section aspect 
ratios varied from a/b = 1 (where a and b are major and minor axis of 
cross section) indicating fibre at 90° to plane of micrograph, to a/b = 00 
indicating fibre within the plane of the micrograph (i.e. at 0°) as shown 
in Figure 8 4(f).
In Figure 85(a-c) micrographs for the mat—polyester (33MP) are given. 
The top surface in Figure 8 5(a) again shows a random arrangement of chopped . 
strands but the bundle size is smaller and there are fewer bundles. The 
side view in Figure 85 (b ) suggested a slight degree of orientation as the 
fibre cross-section aspect ratio was mainly between 1 and 6 (i.e. few fibres 
at less than 10° inclination to the plane of the micrograph). The fibre 
size for this material can be seen in Figure 8 5(c) to be greater than in 
other materials at 20pm rather than 12pm, with only 30-60 fibres per bundle. 
The voidage was highest in this material.
(a) 22CE, 1_.^ °
(c) 22CE, — to laminate x103«3
(b) 22CE, — to laminate x30
(d) 33ME, 2 laminate x30
(e) 33ME, — to laminate x30 (f) 33ME, - to laminate x103
PIG. 8 4. Optical Microscope Sections of Weave-epoxy and Mat-epoxy 
Laminates
•3
(a) 33MP, 1_ to laminate x30 (Id ) 33MP, - to laminate x30
(c) 33MP, - to laminate x103*3
PIG, 8 5. Optical Microscope Sections of Mat—polyester Laminate
epoxy (XE6 ). The top surface in Figure 8 6 (a) shows the high degree of 
fibre orientation within an aligned layer (the surface weave was removed 
in preparation of the microscopic section). The side view in Figure 8 6 (h) 
show the surface weave plus the first 0° and 90° layers. There were 9 aligned 
layers and two layers of surface weave on each face of the laminate in the 
6.4mm depth of the laminate. The high quality of this material and high 
packing obtained are seen in the enlarged micrograph shown in Figure 8 6 (e).
Corresponding figures for the aligned—epoxy material (XE5 ) are given 
in Figure 86(d—f). The top surface view in Figure 86(d) indicated that the 
fibre alignment was not so well controlled in this material within each of 
the laminae shown in Figure 86(e). A close up of fibre ends is shown in 
Figure 86(f). Additional data for these materials is given in Figure 87 • 
5.5*2. Mechanical Property Data
The energy absorbed in impact tests for UTT specimens is shown in 
Figure 88 for (l_) and (— ) direction (relative to the plane of the laminate 
sheet) specimens. Also given are the corresponding work—to—separate for 
slow rate tests. The recorded energies vary quite widely between different 
types of laminates, with in. some cases a factor of two difference between 
.different directions in the same laminate. In all cases the slow rate 
results are lower than the impact results but not by a constant factor 
(i.e. 1.28—5.32 excluding XE5/t ). The large difference between longitudinal 
and transverse aligned material was immediately apparent and suggested a 
substantial anisotropy in impact properties for XE5 material.
Results are similarly given in Figure 88 for ST specimens at impact 
rates and TT specimens at both test rates. These results varied in a 
similar manner to UN specimens with laminate type and stress direction.
In the majority of cases these results were lower than the'UN results as 
shown in Figure 88 by the calculated notch sensitivity ratios. The two 
exceptions to this trend are the crossply—epoxy and longitudinal—epoxy 
tested in the (l_) direction which for impact tests only recorded notch 
sensitivity ratios of greater than 1. This observation agreed with previous
- . —  - - ■** r‘ - - - ■-
7~~ ~—“—s 1
_- ” * JL
• -
—»*— -* ' ' —‘ H ar *
~ _ 3-“. " . - V *
fey .. ^ • _ 1 —^ V ft
V  . -L * •- iA >-
SmI-.-L.. I <* ■y- w
"3 • - *• "3
(a) XE6, 1_ to laminate x30 (b) XE6, - to laminate x30
(c) XE6, — to laminate x103.3
(f) XE5, — to laminate xPOO
(d) XE5, 1_ to laminate x30
(e) XE5, - to laminate x30
PIG. 86. Optical Microscope Sections of Crossply—epoxy and 
Aligned—epoxy Laminates
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continuous fibres. The results of. each series of tests have been ranked in. 
order of decreasing energy absorption as shown in parenthesis in Figure 88. 
Good agreement was obtained in general between the ranking for different 
test specimens with only 1 to 2 differences in placement for a particular
I -
material. There were four places of difference for the crossply-epoxy— 
laminate between the IR/UN- specimen (ranked 2nd) and the SR/lM specimen 
(ranked 6th), the remaining specimen types recorded intermediate values 
(3rd, 4th).
Some differences were recorded in the impact energy of UN- specimens 
for tests using a 3—point and 4—P°iEt loading fixture. In most cases the 
difference was very limited and the scatter in results would overlap. There 
was a slight tendency to higher values for 1_ direction laminates and to lower 
values for — direction laminates when a 4~P°int fixture was used but there 
were exceptions to these trends.
The load displacement curves for SR/iM specimens are1 given in Figure 89» 
A wide variation in the response of standard beam specimens was recorded 
regarding both the maximum load sustained and the manner of energy absorption 
(i.e. the value of WL/WS and WP/WS). The apparent flexural properties have 
been calculated from these curves and are given in Figure '90.. The 
equivalent inter laminar shear stress has been calculated using equation 35 
for the maximum applied load. The apparent flexural modulus only varied by 
a factor of three for all laminate types, a much smaller range than found 
for the apparent flexural strength or suggested by the stiffness data 
supplied by the manufacturer (c.f. Figure 2 4 ).
The work—to—separate for SR/UN specimens is repeated in Figure 90 
together with the values of the work—to—limit and work—to—peak expressed 
as a percentage of the work-to-separate (i.e. WL/WS X100, and WP/VIS x 100 
respectively). For the work—to—limit the percentage varied from 4*5$
5 2.8% with an average value of 25%, and for the work—to-peak the percentage
I •1
varied from 10.2% to 93% with an average value of 50%. The results are 
repeated for ease of comparison in bar chart form in Figure 91*
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are reported in Figure 8 7• The flexural modulus is higher than obtained 
for short beams by a variable degree. In some cases the difference 
between the two results was as high as a factor of two. The flexural
strength recorded is also in most cases greater for the longer beam but
;
the difference is less than for modulus results. The shear results for 
direction laminates were obtained for well-defined shear failures along’ 
planes of the original laminate. In the case of — direction laminates, 
except XE^/l/— , shear failures were not obtained and the effective shear 
stress applied was limited by the axial strength of the remaining section 
of the beam. In the case of XE5/1/— the surface weave appeared to restrict 
crack propagation along the 1Qmm gauge length but did not influence the 
load to initiate the shear crack.
5»5*3* Fracturegraphic Observations 
(a) UN Specimens
Specimens for each material and each direction are shown after 
testing at impact and slow rates in Figures 92 and 93 respectively. As 
the failure modes were similar at both test rates the impact tests are 
initially described and any differences observed in slow rate tests 
described as necessary. Two materials, the mat—epoxy and the transverse— 
epoxy, failed by a brittle tensile initiated fracture for both directions. 
The mat—epoxy fracture was more fibrous in the (l) direction compared to the 
(— ) direction as shown* on the load—displacement, curve. The transverse— 
epoxy material fractured at the proportionality limit and further load 
was carried by the surface weaves which allowed further cracking of the 
main composite.. .This .resulted * in a^400^ increase in the . absorbed energy...
Ho compression damage was observed in any of these specimens.
The mat—polyester material in the J[ direction failed on a direct 
shear plane between the inner and outer loading point which resulted in 
a large volume of disintegrated material. /When tested in the (— ) direction 
a brittle tensile failure similar to the mat—epoxy failure was obtained.
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For the (1J direction only a failure mode change was observed when tested 
at slow rates from the shear-type failure above to a brittle tensile 
failure. Though in some cases the fracture was not localised.
Both directions in the weave—epoxy failed by a compress ion/shear mode 
by buckling of the individual 'layers of the fabric. The buckled - regions 
initiated localised splits and delaminations which in (l_) direction material 
propagated to the extremities of the specimen. When tested in the (— ) 
direction there was a severe but localised heavy compression/shear zone at 
45° to the specimen axis above the central loading point. This deformation 
frequently twisted the specimen in the jig in slow rate tests.
The crossply—epoxy and longitudinal—epoxy tested in the Q J  direction 
failed by a combination of delamination and compression failures. In the 
crossply material delamination occurred between nearly or all the 0° and 
90° layers and the compression damage was limited to the outermost 0° layer 
in the compression face of the specimen. In the crossply—epoxy transverse 
cracking-was obtained in the 90° layers in the more highly stressed regions 
of the specimen. In the longitudinal—epoxy material the delaminations were 
more random in number and extent, and the compression damage more extensive. 
Both of these materials when tested in the (— ) direction failed initially by 
a compression failure for approximately half the beam depth followed by ■ 
tensile failure of the remainder of the beam. Delamination failures were 
in general not obtained. Slow rate tests were very similar but with a 
reduced number of delaminations for the longitudinal—epoxy, and a more 
narrowly defined compression/tension failure zones. An optical microscope 
section for a XE5/l/l specimen is shown in Figure 94(a). Aproximately 55%° 
of the beam depth exhibited a compression failure damage, a similar 
proportion was found for XE5 / - / 1  specimens. A pronounced kink band, as 
shown in Figure 94(h) was only observed in the XE5/1 /1 specimen. There was 
a layer region of general deformation in the XE5/—/l specimen as shown in 
Figure 94(c)* The major kink band width was 116—l60jnm wide with a micro 
kink width of 2 7.54p&.
(b ) 1 to laminate
1 to laminate
to laminate
FIG. 94- Optical Microscope Sections of Tested XE5 Laminate
tests were conducted using the four—point loading jig. For the brittle
tension failures a single fracture was still obtained (33MP/— , XE5/t/l_ and
■ ■ /  -
/— , 33ME/— ) with in at least XE5/t an increased length of cracking in the 
transverse layer. In cases where compression damage occurred a second 
small compression zone was now found (XE6/— , XE5/l/— and XE5/l/l_). In 
cases where delamination occurred the delaminations were more extensive 
(XS6/jh XE5/l_) and occurred in some materials for the first time limiting 
the previous failure modes (22CE/1J 33ME/j_). There was no apparent change 
in the shear buckling mode on the compression face of 22CE/— .
(b ) Long beam Specimens
Fhiled specimens of all materials,in both directions ,tested at slow 
rates are given in Figure 95• The mat—epoxy, transverse—epoxy and mat— 
polyester all failed in a brittle tension mode. In the weave—epoxy, failure 
was the same as in the short beams (i.e. compression-shear buckling at 45° 
to the specimen axis) but.the failure volume was proportionally smaller 
though absolutely the same, and tension failures due to the high deflection 
obtained occurred on the remainder of the beam. The crossply—epoxy/t 
failed in tension with delamination only occurring as a secondary mode
1 oover f  of the specimen, length. Cracking of the 90 layer occurred over 
the same extent as the delamination. Compression damage only occurred in 
the crossply— epoxy/— material for the lower third of the cross-section.
The remainder failed in tension. The longitudinal—epoxy material again 
failed by a mixed compression/tension mode in the proportion of 30/7O 
for (l[) direction and 4O/6O (~) direction. Short delaminations were
present as a secondary failure mode for the ( ^  direction only for the 
tension failure region.
(c) ST Specimens
ST specimens for all beams tested at impact rates are given in 
Figure 9 6* The transverse and both mat composites failed by tensile 
failure but one mat—epoxy/l_ specimen did also delaminate along half of
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(l_) direction in mat produced the more fibrous fracture with in the case 
of the polyester resin localised disintegration of the specimen. The 
crossply—epoxy tested in the (j[) direction delaminated at the notch tip 
and then failed as an unnotched beam. In the (— ) direction a mixed 5^/50 
compression/tension failure was obtained similar to the short UN- beam.
The longitudinal (l_) specimen also delaminated at the notch tip and failed 
as an unnotched beam. In the (— ) direction delamination occurred at the 
notch tip but did not propagate very far and appeared to be tied by the 
surface weave. The proportion of compression and tension failure obtained 
were 2 5 /7 5 a^d 33/67 for (jJ and (— ) directions respectively.
(d) TT Specimens
TT specimens for all conditions tested at impact and slow rates are 
shown in Figure 97 and 98 respectively. The failures obtained for 
transverse-epoxy and both mat materials were initiated in tension and 
similar, to previous observations for ST specimens. The weave-epoxy/l/ 
failed predominately in tension but a shear/compression failure could be 
observed for four layers and two layers of fabric on the compression face 
for SR and IR tests respectively. The length of fibre pulled-out increased 
from a minimum at the notch tip to a maximum just above the compression face 
damage. In weave—epoxy/- the impact test showed compression damage for 
approximately-J-the beam depth, whereas slow rate tests showed somewhat 
less depth of compression damage.
At impact rates the (l^ ) crossply delaminated for one half of the 
length of the beam specimen on almost eveiy available (0°/90°) plane, and 
then pulled out aligned fibres, depending on the notch width at that plane, 
for each 0°layer from one half of the specimen. At slow rates there was 
some delamination but a greater amount of fibre fracture in the notch plane 
was obtained for 0° layers near the notch tip. In the (-) direction at 
impact rates the failure was predominately compression with splitting 
failures, along the interlaminar boundaries, running from the tension to
FI
G.
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the compression race. At siow rates a completely nrittie ianure, m  a 
narrow well-defined fracture plane, with no splitting failures was 
obtained. Virtually all the failure in the 0° layers was compressive.
For longitudinal—epoxy specimens, under all conditions, the failure 
was identical to unnotched,beams with approximately 2/3 of the beam depth 
showing compression failure.
UHAFTEK .SIX
FRAMEWORK FOR THE ANALYSIS OF EXPERIMENTAL DATA
6.0. Introduction
It was apparent from the experimental observations that in spite of 
the diversity of materials tested that similar features were obtained in 
all test series. Hence, in this chapter a common framework for the 
analysis of the experimental data is established to avoid repetition at 
a later stage. The data available in most detail for the constituent 
materials and the composites referred to slow rate tests and the majority 
of this framework is applicable to the evaluation of results for short 
beams tested at slow rates.
The similarity of the fracturegraphic observations for virtually all 
specimens when tested at both rates, and the similarity of the energy 
levels and trends suggested that the slow rate load—displacement curves 
and data could be taken as a positive indication of the response of the 
specimen in the impact test. In general the notch condition (UN, ST or 
TT) of the specimen did not effect the failure mode or energy absorption 
at either test rate.
The final section of this chapter considers the effect on component 
properties of an increase in strain (displacement) rate in order to 
appropriately modify the analyses and predictions based on slow rate 
tests. In some cases the discussion is based on a three—point loading 
which is a satisfactory approximation of the non-standard four-point 
Charpy geometiy.
6.1. Stress Distributions in Short Beam Specimens
(a) Influence of Shear Strain
The equations given in Figure 28 refer to the Euler—Bemolli elastic
sflexure of long thin beams, but for the beams (i.e. /d = 6) used in this 
work secondary effect such as shear stresses and contact stresses can.no 
longer be considered to be negligible.
The large shear strain present, c.f. interlaminar shear tests, 
results in additional-deflection of the specimen. The deflection $ in 
a 3—point loaded hearn when "both flexural and shear deflections are 
considered can he given hy (l6 8)s
C PS3 . 3SP r,6l
6 = 48E I + 10bdG "• U  J
C .. C .
where E and G are the longitudinal Youngs and Shear Moduli respectively. 
O '  c
The first and second terms are the deflection due to flexural and shear 
strains respectively. This equation can he simplified as follows for any 
specimen:
>  V  f $ m
or for the geometry used in these tests as:
■ --- - - ■  ^  .. ----- E
8 = f c  + °-°33 f } ... [381 :
c- ■ c
It should he noted that the shear contrihution for a half-depth specimen 
is -J- of that for a full-depth specimen.
The relatively low shear modulus, i.e. high ratio of anisotropy, in 
high performance composites results in this shear deflection heing a 
significant, and in some cases a dominantj proportion of the recorded 
deflection. The percentage of the total deflection due to shear deflection,
y ;
as a function of ^/d, for Ec/Gc equal to 2 .4 » 51 1 0? 2 0, 5 0? 100 and 200
sare given in Eigure 99(a)." The shear defleotioh at /d = 6 increases from 
7.5io to 87 0^ of the total deflection as the E/G ratio is increased from 
2.4 to 200. (N.B. 4“?^ results are approximately 90fo of 3-pt results and
are not plotted separately). If the percentage of the deflection due to 
shear is known the corrected flexural modulus can "be calculated as follows:
E . — m  -rr- I 100 \ r ~ ~ ~I
corrected apparent M 0() - % shear deflection' **• L39J
Vf •IO •20 •30 •40 •50 •60 •70
Ec/Gc 3 0 46 56 6 0 56 49 42
(b) Ratio of Ec/q  obtained from data in reference (168)
c as a function of Vf
I O O 200
I 5 0  
-  20
TJ
2 4  6 8 IO 14 2 0  4 0  6 0  lOO 2 0 0
Span-to-depth ratio (S/d)
Shear deflection in flexural beams
FIG. 99
where E , has heen calculated using the equations given inapparent
sFigure 28. The $ deflection due to shear for /d = 6  and 12, and the 
corresponding correction factor have “been calculated and are given in 
Figure 100(a).
Dean and Turner(58) gave values of E /G at approximately O .4 8
. C C X
of 4 9 .7  and 2 4 .5 for HM and HT carbon-fibre composites respectively.
Thus, from equation 38, 62$ and 45$ respectively of the recorded deflection
is due to shear strain. These values, using equation 39* result in the
corrected Young’s Modulus being 263$ and 182$ greater than the apparent
values for EM and HT carbon fibre composites respectively. In aligned
glass—fibre composites the E /G ratio is much lower so that the apparentc c
modulus is only 20$ too low. A constant correction factor cannot be 
applied as the E /G ratio is dependent on fibre volume fraction as wellC O *
as on the fibre and the matrix properties. For instance,the Ec/Gc ratio,
Figure 99(h)* has been calculated from data given in reference 169 for HM
carbon fibre/epoxy composites. A variation of at least a factor of two
with a peak at intermediate V ’s, due to the initial insensitivity of Gx c
to fibre volume fraction (c.f. Figure 7)* was obtained.
(b) Influence of Contact Forces
For a constant flexure failure stress and specimen depth the failure
load is indirectly proportional to the test span (Figure 28). In these
S Stests ( /d = 6 ) the load is 2 .6 7 times that for the /d of 16 recommended
in BS .2 7 8 2 Method 304 and 6.6J times that for the /d of 40 recommended
in reference 170 for carbon fibre composites. One effect of this high
load in combination with materials of low transverse modulus is embedding
of the loading anvils resulting in a further error in measurement of beam
deflection in addition to loading train deflection. Daniel et al(l70
sfound that for a carbon fibre/epoxy specimen at /d = 4 and a shear stress 
2
of 35 MH/m the recorded deflection was composed of 68$ load train 
deflection, 31$ embedding of loading anvils and 11$ specimen deflection.
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‘This concentrated load can also result in pertubations to the
assumed stress distribution. At one extreme the local contact stresses,
as readily determined from simple elasticity equations for isotropic
■ , /  - . ' 
materials(1 7 2) hut requiring modification for anisotropic materials(l73)»
may he sufficient to cause Hertzian fractures close to the loading anvil.
Lower loads than this level can reduce the applied flexural stress due to
a "wedging" action at the loading anvil. The reduction in stress depends
s son the /d ratio and is approximately 7% at /d = 6.
Recently Berg et al(l74) analysed theoretically the stress distribu—
stion for an aligned HT carhon fihre composite at /d = 4* Plastic yielding
of the composite was assumed to occur by shear parallel to the fibres at
2
a stress of 69 M / m  . Berg et al found that yielding occurred at a shear
2 . 
stress of 19 MU’/m calculated, using equation 35. This equation is based
on a symmetrical parabolic shear stress distribution with a maximum shear
stress on the neutral plane at half—beam depth. However, Berg et al found
.   ...   _ / , •
that following yielding the stress distribution was skewed towards the
compression face of the beam with a peak shear stress twice that given by 
equation 35 for a transverse plane slightly displaced from the plane of 
the centre loading anvil. At the loading anvil large transfibre com­
pression and longitudinal compression forces were also predicted.
These comments suggest that a complex multiaxial stress state exists 
in these specimens and that all failure modes occur under a combined 
stress state. Corrections are available to improve the apparent value of 
Young’s modulus but the uniform stress distributions assumed in the 
derivation given in section 6.1(a) may be incorrect. As only limited 
success has been achieved in predicting the compression failure stress 
in uniaxial tests (see section 2.4*2.) it is unlikely that the stress for 
failure in compression in the complex stress region at the loading anvil
can be accurately determined. It is clear that presently recommended, long
' S 'beams ( /d = 16—30) are not entirely without error (see Figure 99(a))-for 
testing composites with high levels of anisotropy.
6.2. Prediction of Failure Mode for Flexure—Impact Specimens .
*
The fracturegraphic observations suggested that three dominate 
failure modes occurred in these specimens; a tension initiated flexural 
failure, a compression initiated flexural failure and an interlaminar 
shear failure mode. As noted in 2.2.2. the interlaminar shear failure 
will be.obtained if the interlaminar shear strength (iLSS).is less than 
CTd/2S, where O’ is the lower of the flexural tension or compression failure 
stress. If the ILSS is greater than this ratio ( G'/J\2 for full—size 3—pt 
specimens) then a flexure failure will initiate from the face of the beam 
with the lowest strength providing both faces are equally stressed. Stress 
concentrations at the loading anvil may require the compression strength 
to be greater (say 25% higher) than the tension strength to prevent a 
compression failure occurring.
In Figure 10l(aJ a ternary diagram has been constructed which-enables 
the failure mode to be predicted from a knowledge of the materials strength 
■properties. If the compression strength equals C, the tension strength ::
equals T and the ILSS equals S then assuming:
C + T + S = Z ... [4 0]
then
I + 1 + 1 = 1 ; .  ^
cThe values of / z  etc can be determined from the material properties and 
the characterized material plotted in Figure 101^ ,).
The region KIM is where delamination failures will occur (i.e.
T , c /
S < /12 or /12). In the regions MIM and KIM, compression and
tension failure modes are predicted, i.e. the failure mode is that with 
the lowest strength ratio. The dotted line KL* gives the result for 
a stress concentration on the compression face of the beam.
This diagram has been redrawn in Figure 101(b) based on the critical
n
condition for shear failure for a beam of /d =6. Equations f40] and f413 
■ are now:
Tension / 
failure /
Tension strength 
ra tio /T V
Shear
failure
Compression strength 
ratio /c \
Shear (xl2) strength ratio
N
Tension Lj^ompression 
failure failure
Shear failure
K M
Compression strength 
ratio
(b)
Tension strength 
ratio
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(I'6)
C + T + 12S = Zf ... (40a]
and
= 1  (41a.)C + T + 12SZr Zr Z*
The factor of 12 allows for the relative stress ratio for the inter- 
laminar and flexural stresses. A similar factor could he introduced to 
account for a difference between the flexural tension and compression 
stress as follows:
C
1.25 + T + 12S = Z" ... [40b]
and
C T + 12S . r. 4-ul
1.25Z11 + Z" Zn “ L4^J
Again triangles KLMy Mill and KLM outline regions of different failure modes.
■. ■ - ..... . .....  s
The triangles based on L” illustrate the effect of a change in the /d 
ratio from 6 to 12. For the' four-point loading jig the multiplying factor 
for the shear strength is 10 for full size specimens.
In actual practice both the boundary conditions and material properties 
will demonstrate some scatter so that a material characterised by a point 
such as R close to a transition in failure behaviour will be likely to
show in replicate tests both failure modes. The properties used to
determine the position of the material within the diagram should be those 
appropriate to the test conditions (e.g. rate, temperature) and material 
conditions (e.g. weathered, aged, etc.) of the required application.
Other failure modes such as a Hertzian crack at the loading.anvil can, 
be included into this prediction analysis by their effect on the subsequent 
failure modes, in this case on the failure stress of the compression face 
of the beam.
It should be noted that the critical ratio of equal to 12
is similar to that predicted by Gilliard( 142) for the critical strength
ratio for shear rather than transverse failure at the root of a notch. 
Consequently materials susceptible to interlaminar shear failures in the 
unnotched beam are likely to delaminate at the notch tip in the notched 
condition.
6.3 . Calculation of Failure Stress
The observed failure stress in the flexure test is normally not 
directly related to the uniaxial tensile strength. For instance if the 
material is linearly elastic to failure with a distribution of failure 
stresses that can be characterised by a Weibull distribution^^) then the 
failure stress for different sized specimens, or different stress situations 
is related by the Weibull modulus ,m t and the volume under stress. Thus, 
the result of a tensile test was predicted( 175 )> and confirmed by 
experimental results for carbon-fibre composites (1 7 6), to be lower than a 
flexure test result. Also a four—point test result will be lower than a 
three—point test result.
If any non-linearity occurs in the response of the specimen then the 
calculated flexure stress will only be an apparent value. This non- 
linearity due to plasticity or, for these composites, microdamage results 
in a loss in load-carrying capacity. In order to balance the load carried 
in tension and compression by the beam a greater depth of the beam face 
containing the failures is required producing an unsymmetrical stress, 
distribution and a “shift in the position of the neutral plane towards the 
unfailed surface of the beam. So that, if the flexure failure stress is 
calculated assuming a symmetrical stress distribution, the calculated 
stress will over-estimate the true failure stress if the initial failure, 
was in tension and under-estimate if the initial failure was in compression.
Aveston et al(l77) have considered the case of failure characterised 
by a tensile multiple fracture on the beam tension face and found that the 
apparent flexure strength, for this class of materials, was up to 100% 
greater than the tensile strength depending on the failure characteristics 
(e.g. EmVm/EfVf and ^ mu/£f ).
In the tests reported here micro—buckling of the compression face 
was the most frequently observed initial failure mode. Associated sources 
of non-linearity could be non—linearity in shear response of the composite 
due to the high shear stresses present, or to isolated tensile fibre breaks. 
In specimens with compression damage zones isolated fibre fractures were 
not observed but these fractures would be expected to be less easily 
discerned than the clearly defined kink band structure. Observations of 
surface fibres is complicated by the microscopic preparation (c.f. 4*3.4(a)) 
which resulted in partial, longitudinally sectioned,fibres embedded in the 
surface.
This form of compression micro—buckling has also been observed for 
composite materials in high temperature creep tests(l78), flexure fatigue 
tests(l29) and compression tests under hydrostatic pressure( 179). Although 
the damage was associated with the loading anvil in the short beam test 
there xtfas no stress concentration in the compression or fatigue test. This 
suggests that the failure is basically one of compression buckling and the 
local stress situation at the loading anvil results in a more favourable 
condition for failure. It appears that theoretical predictions, such as 
those due to Foye and Argon, based on a micro—kinking failure are most 
applicable bearing in mind the above difficulties (c.f. 6.1 ) regarding the 
stress distribution.
It is unlikely that the load—displacement curve for the compression 
face can be constructed theoretically, but if fracturegraphic observations 
are available the stress state at the ultimate load can be analysed using . 
a modified form of the equation used by Greenwood(l78) for high temperature 
creep tests on carbon fibre composites. In Figure 100(b) (i—iii) the 
assumed progression of atypical compression-initiated flexure failure 
is shown.
Compression failure occurs at a stress CT and this damaged material
then supports a load at a stress level CT " (^ . CT T). As the loading isc c
continued this zone of damage propagates across the specimen, with the
neutral plane moving away from the damage in order to maintain the 
equilibrium conditions in the beam. This results in the actual tensile 
0“^. stress being much greater than expected over the small region of the 
specimen under tensile stress in order to balance the lower stress over a 
larger proportion of the specimen in compression. The assumed symmetrical 
stress distribution is shown dotted in Figure 100(b)(iii) at jrhe point of final 
failure of the beam and the normally calculated failure stress is given as
■ °P* . :
At the maximum load there will be a peak compressive stress CT T ino
the undamaged material, in the region (e — u) which is at least equal to
and probably greater than CT ". In order to calculate cr " and <rv thec c t
stress distribution in Figure 100(b) (iv) was assumed (i.e. CT " = cr f) butG G
the error was small providing 0* " is not too dissimilar from O ’ ’.c c
The relevant equations from reference 178 to predict the true tensile 
failure stress ( CTj.) and the stress supported by the compression failure 
(cT ”) were based on a force and momentum balance and are as follows:c
«-o" = - °pdk - C42J
and
x  > - 6 0 " B  -  f43]
where d and u are the total specimen depth and the depth of the 
compression failure zone respectively. Greenwood assumed that the observed 
compression failure zone equalled e so that it was necessary to calculate 
u (d in Greenwood’s notation). In this work it is assumed that compression 
damage is produced only prior to the initiation of the tensile fracture and 
that once the tensile failure is initiated that no further compression 
failures occur. In this case the measured compression zone is equal to u.
The "plastic" deformation of a beam can be characterised by a reduced 
Youngs modulus E^(172) which replaces the Youngs Modulus of the elastic 
beam and allows for the detailed shape of the tension and compression stress— 
strain curves. Greenwood in deducing equation 41 gave the bending moment
of the beam at the point of failure as follows:
= b i  <rc" a2 + \ ( o-t - <t") (a - n)‘ ■■■ [44]
Now the standard beam bending equation is given by(l75l):
MrE
... [45}
where I - bd^/12 for a square beam and R is the radius of curvature
of the beam. R equals d/S:^  where £ is the total of the tension andK ft
compression strains at failure. The value of E has been calculated to
R
be given by:
R
onu
.E + E +
Ec
2cr
* <T+ 2 <r 2l
<t t > -  ( i r )
c c I
• •• [46]
which can be simplified by putting. . ,CT/ qr equal to K to give:G o
E
R
ft /1 + 2K * K2a 
E V 2K } T.. [47}
where E is the modulus of the undamaged material.
Incorporating equations 44 an<3- 47 into equation 45 allows a reduced 
modulus E^ for the beam to be calculated as follows:
KE [W 0" d2 + 4 w t - <r0" ) (d - U f
O-. d2 (1 + 2K + K2 )
... [4 8]
6.4 . Prediction of Energy Absorption
The majority of the sixteen energy absorption mechanisms reviewed in 
Chapter 3 were formulated for a tensile crack-opening failure mode. In 
this work the failure modes were normally complex and it was not possible 
to equate the measured energies with fracture surface energies ( % )• It 
can be anticipated that to utilise equations 14-34 it is necessary to know 
the exact mode of failure and the proportion of each failure mode.
An. alternative and universal approach can be based on the work done
unaer une xoaa—aispxacemenc curve, expressed generaxxy as:
p A  *
W = I PdA . . .  [ 49]
For a linear^elastic to failure material, or up to the proportionality 
limit conditions this equation can he rewritten as equation 14 using the 
appropriate value of CT and E. For constant material properties the 
dependence on the span term ( s )  results in the stored energy in a four- 
point loaded beam being 134% of that for a three—point loaded beam. If 
following the peak load a progressive failure is obtained then equation 18 
can he applied. In these test results a non—linear curve prior to the peak 
load was frequently obtained due to compression failure of the.beam. It
would be difficult to predict the load—displacement curve exactly as the
rate of propagation and load—cariying capacity of this damage during 
continued loading is not known.
The response of these specimens can perhaps be modelled as follows.
The curve for the initial linear behaviour, OA in Figure 100(c), can be 
obtained providing (Tt and E can be estimated. For instance CT
JLi c l Jj
may be approximated by CT The position of the point B can bec
obtained from the maximum (symmetrical)'stress CTp and the reduced
modulus E^. The simplest curve from A to B is the straight line as
xi
shown. The work done under the curve OABC was calculated to be
W , f + (tp - t,) + crL (£p -£.)} ... [50]
Progressive failure of the tensile portion of the failure would result in 
an additional factor. However, it was observed in many cases that the 
stored energy at CTp (i.e. given approximately by 0Jj/8.Ep) was sufficient 
to result in a final catastrophic failure. An alternative approach can be 
based on the assumption that tensile failure of the fibres is the dominant 
energy absorption mode and that equations of the form of (1 4 ) and (1 8 ) with 
CT == or (5^, Vp should be modified by a factor dependent on Tu t (e.g.
1 — u) to allow for the actual area failing in tension. These alternative
a p p ro a c h e s  a r e  " c n e re ro re  a v a n a o i e  l o r  i r m e r p r e i a t i o n  m  a a a iu i u n  bu one
\
mechanisms reviewed in chapter 3.
A difference may arise between the results at the two test rates as
different test machines were used. The effect of loading point indentation
should be the same as identical geometries were used and the centre loading
anvils were of a common material. If, as suggested in section 6.5 , the
failure load is higher at impact rates plus possible increase in local load
concentration, there may be some differences in the errors due to embedding
of the loading anvils. The test frames are not of an equal stiffness and
if the work done in deflecting the load frame is included in the energy-
recorded (e.g. at .0" ' (WL), at <T for a brittle failure (WL = WS) or if
h P
equilibrium is not obtained in an impact test), then this additional tern 
will not be constant. The energy stored in a test frame, ignoring high 
frequency vibration modes, is given by -§■ where is the load
frame deflection and equals P A y  where A' p u s  the frame deflection 
per Newton when P is in Newtons. Therefore the stored energy in the 
frame is given by
= i- p2 A* ... [5 1 ]Frame . 0 F 1
Consequently a increase in P at failure (see 6.5 .) will increase 
this term by 125$. Comparative values have been obtained for 
supporting the impact jigs beneath the Instron crosshead and consecutively 
loading a single specimen in the two impact machines via the pendulum(s) 
and in the slow rate test jig. The miniature Charpy machine had a value 
of equal to 1.74 A fj where A.-j- i-s Instron frame deflection
(see section 4*3.2. ) and the balanced Charpy machine had a value of /Vp 
equal to O .4 6 A Tj* The'low deflection for the balanced machine is thought 
to be due to the load being applied directly through the two massive 
pendulums so that the machine frame is not involved as in the case of the 
miniature machine. As the value of P for impact tests has not been 
measured the results have not been corrected for this energy absorption
. "but these figures do show the relative size of the expected effect.
For the Instron at the maximum load recorded in. Figure 35 of 29^3 IT
2
(463 N/mm) the energy term equals 8.6 kj/m . The miniature Charpy 
machine is only capable of breaking the low strength specimens (maximum 
energy input = 2.7 j) so that the effect would not be nearly as large as 
predicted above.
The value of the toss energy can be predicted for a standard specimen 
which weighs from 1.5'to 2.7 grams depending on the material density. The 
ejection velocity depends on the coefficient of restitution — e(l09). For
a value of e equal to O .5  the toss energy per unit area equals 4 *3 fo
2 2
7 .7  kj/m and 19-24 to 34-6 kj/m for the miniature and balanced impact
machines respectively. The toss energy is normally negligible but could
be significant for low energy failures tested in the balanced inpact
machine.
6.5- High Rate Properties of Materials
As the test jig and specimen size were identical for both test rates
the only remaining difference is the strain rate, or more correctly, the
displacement rate. The strain rate calculated from the displacement rate
—1 —1
assuming a uniform stress distribution are 56 sec and 160 sec for
the miniature and balanced impact machines respectively, and 3*9 x 10 ^
—1
sec for the Instron tests. The increased strain rate between the two
5 5
test situations of 1*5 x 10 ' or 44 . x 10 " would be expected from published 
data to result in a change in the standard mechanical properties. Sims 
has reviewed(l80) the test methods, experimental limitations, data analysis 
techniques and published data relevant to the high rate properties of 
composite materials. Only the important trends are given below from this 
reference.
(a) Techniques
A variety of test methods are available for attaining materials data 
at higher than standard strain rates. These methods can be divided into 
those which can be interpreted by assuming a quasi—static response and
The limiting velocity for the quasi—static approach is dependent on the 
acceptable difference in stress (A<r) or strain (A£) throughout the 
specimen and for a tension test was given as follows(181.):
qcrcs • .
himit = -T. - :-;A£V ■ "• M
where Ck, the velocity of sound in the specimen, equals (E/^ >)2.
For example, if the acceptable difference is taken as 10% the limiting 
velocity is of the order of 10 m/sec. Additional limitations can exist 
due to the performance of the monitoring equipment (e.g. load cells ).
The material behaviour reviewed below was measured in quasi—static tests 
and did not consider the possible effect of specimen heating( 182) due to 
the deformation(183).
(b) Polymer Properties
It was noted in chapter 2 that the properties of polymers were very 
"dependent on the test temperature and strain rate. It has been shown that 
there is an equivalence between the effect of higher strain rates and 
lower temperatures. The use of one of several superposition techniques(1 8 4) 
allows data obtained at different combinations of temperature and strain 
rate to be plotted on a single master curve. The majority of the published 
data refers to thermoplastics where, for instance, the tension(l85) and 
compression(l86) yield stress were found to increase with increased strain 
rates. The ultimate strength of injection-moulded glass reinforced thermo­
plastics increased markedly with strain rate, and with one exception these 
materials also showed increased work—to—failure(1 8 7). '
The fracture energy of epoxy resins was found to decrease with
increased loading rates(l88). Revsin and Bodner(18 9 )'found a fall
-4 -1
in work-to—failure when the strain rate was increased from 3 x 10 sec 
to 0 .5 sec together with an increased modulus, reduced failure strain 
and an unchanged strength. Moehlenpah et al( 190) found that for a 
comprehensive assessment of moduli, stress relaxation and yield stress
for an epoxy "based system the temperature—strain rate superposition 
shift factors did not depend on either the test mode (i.e. tension, 
compression or flexure) or on the type of filler (i.e. unfilled, air 
(foam), glass heads or transverse glass fibres). However, the tempera­
ture or strain rate for transition from brittle to ductile behaviour 
-was very dependent on the type of filler. It was found that for the 
order; unfilled, glass beads, air and glass fibres, that brittle 
behaviour was obtained at increasingly higher temperatures and lower 
strain rates.
(c) Fibre and Composite Properties
The higher tensile strength of glass fibres at short loading times, 
noted in section 2.1.1. (a), was attributed to a reduction in the stress 
corrosion failure mechanism(9 )• 'It is not clear whether a fibre ’protected* 
by the matrix would show the same dependence. The results due to- 
Armenakas(191) showed a reverse effect but in reference 180 it was 
’suggested that some doubt exists over the validity of the experimental 
techniques used for these tests. Thomas obtained an increased strength 
for a diy glass fibre strand of 20% over three decades of strain rate.
In a later paper(l93) similar trends were found for the strand when 
embedded in different matrices. The percentage change and absolute values 
obtained were dependent on the matrix material, (e.g. 10% change over two 
decades, and highest absolute values were obtained for polyester resins ). 
This strain rate dependence for glass fibres has been confirmed but no
dependence was.'found for a carbon fibre/epoxy strand or for a coated single
\ .
boron fibre(l94)» Confirmation of these results was given by tests at 
myogenic temperatures(1 9 5) where only glass fibre/epoxy (i.e. not carbon
or boron fibres) recorded increased strength with reduced temperatures.
I
The insensitivity of carbon fibres to changes in the strain rate has 
been confirmed by tension tests on single fibres (196). A 300$ increase 
in ultimate -strength was obtained(l97) for both the dry glass—fibre strand 
and the composite for a six decade increase in strain rate. Unfortunately
the majority of this increase was due to a single test point at a strain 
—1
rate of ^10 sec , the remainder of the result were all helow a strain 
-2  -1
rate of 10 sec and showed a lower strain rate dependence. For a 
glass fibre fabric/epoxy material for the same difference in strain rate 
a 100% increase in strength was obtained(19 8 ). McAbee and Chimura(l99) 
found that on reducing the time to failure in tensile tests from 120 
seconds to 6 milliseconds for a range of glass fibre composites that) •’ f 
in general,higher stiffness (-^  100% increase), higher ultimate strengths 
(50-75% increase), higher interlaminar shear stress (10-50% increase) and 
higher work—to—failures (up to 600%) were obtained. In contrast it has 
also been recorded that the interlaminar shear strength'fell by 30% over 
five decades (200). Confirmation of an increased shear strength over a 
single decade has also been reported(201).
The effect of changes in the strain rate can be expected to be 
dependent on changes in both the basic components themselves, and in 
their mutual interaction in the constrained situation existing in the 
composite together with the effect of heat generated etc.
■ Summarising,it is apparent that the published data is somewhat 
sketchy and even contradictory. In many cases tests are limited to the 
higher displacement rates obtained on conventional screw driven test 
machines with possibly a single isolated value from an impact test. The 
general conclusions are that matrix dominated properties (e.g. plastic 
yield stress, transverse moduli) increase with strain rate but the failure 
stress may fall due to the increased brittleness of the polymer. ' Fibre 
dominated properties (e.g. longitudinal strength) show a strain rate 
dependence for glass fibre composites only. As a general rule 10—1 
increase per decade increase in strain rate can be expected. A compre­
hensive evaluation(202) of seventeen engineering materials over six 
decades of strain rate found that GRP’s exhibited the highest sensitivity 
to test rate, followed by steels (depending on composition) with aluminium 
alloys shoi'ring no sensitivity. As the ultimate strength was found to be
a linear function of strain rate ,changes in strain rate are equally 
significant irrespective of the absolute rates.
CHAPTER SEVEN
INTERPRETATION OF EXPERIMENTAL RESULTS
7.0. Introduction
In this chapter the experimental results are interpreted with the 
aid of the fracturegraphic observations using the basic framework given 
in chapter 6 . In each case the interpretation sections of this chapter 
(e.g. 7 7 - 2  etc) refer to the corresponding experimental results section 
in chapter 5 (®*g* 5*2 etc. ). The interpretation is applied to the
prediction of the strength and the stiffness of the materials tested, the 
prediction of the failure modes and the energy absorption.
7.1. The Effect of Fibre Properties 
(a) Flexural Modulus
The flexural moduli recorded in Figure 35 are lower than the Youngs
Modulus that would.be predicted from the rule of mixtures based on component
properties and their respective volume fractions. To correct for shear
deflection following the procedure given in section 6 .1, a value for E /Gc c
must be determined. E can be predicted as above and G was shown ino o
s’-
Figure 7 to be fairly insensitive to the fibre properties over the range
of V *s of interest, so that a value of 2.5 G would not involve major f 7 m . 0 , ■
errors. This relative insensitivity has been confirmed experimentally(203 ) 
for glass and carbon fibre composites where all the results were scattered 
about a single theoretical line(59). These experimental values of G have 
been used to calculate the values of E /G and, then from Figure 100(a), toO O
determine the corrected flexural modulus as given in Figure 102. (N.B. 
correction factor for loading would slightly increase these corrected
moduli).
The results are still low with increasing error occurring for the 
more anisotropic fibres. Misalignment of the fibres would result in lower 
values but angles of 5° ar© required to account for Q^ffo lower values. The 
winding angle of 2a would produce smaller changes, but local regions of
Fibre Type HMU m s HTU HTS A | E PRD
■^apparent
GW/m2
28.7 40.8 27*7 26.4 30.2 15.7 18.0
Epredicted 
GET/m2
136 162 78 70 72 26 61
E /G o' c 54 46 35 29 32
I . . .
11 21
shear
deflection
64.0 60.5 53.5 49.0 51.5 27.2 41.0
Correction
Factor
2.8 2.57 2.17 1.95 2.08 1.36 1.60
■^corrected
GN/m2
8O.4 105 60 51.5 63 21.3 28.8
Limit stress 
0 ^  m / m 2 216 384 302 416 425 290 238
Peak stress J 
CTp MH/m2 323 489 370 416 585 442 430
Fibre stress
at crp = <r'
M / m 2
905 1147 1189 1477 1754 1234 969
Proportion
of
compression 
damage u
O.67 " 0.50 0.17 0.02 0.40 0.50* 0.73+
Compression 
stress CT 
m / m 2 °
139 245 277 400 325 221 181
Tension 
stress cr-
m / m 2
693 735 390 416.3 760 662 1140 |
j
Fibre stress 
at 0 1= CTp*1 
m / m 2'
1940 1724 1253 1479 2278 | 1849
!
j
2600* j
I
*' Assumed,values + Predicted value
FIG. 102. Corrected Moduli and Strength for Different Fibre 
Composites.
misalignment in the surface layers arising during the pressing stage of 
fabrication are possible. The average remaining error in modulus when 
considered in terms of beam deflection is of the order of 0.1 pm/Newton.
The relatively low transverse modulus, a non-classical stress distribution 
(i.e. higher shear stress than assumed) or embedding due to a resin rich 
surface could all be involved in the remaining error. The long beam results 
gave higher values but they were still less than predicted values. For the 
maximum value of E /g (54*4) "the shear deflection still accounted for 19$
C O
of the total deflection. The non-standard SS specimens were not 
corrected.
(b ) Flexural Strength
The equivalent fibre stress ( CT^) for the apparent flexure strength
( ) has been calculated and are given in Figure 102. In most cases this
stress is less than the fibre failure stress. The arguments put forward
in section 6. 1 suggest that as the failures occurred initially in compression
the true failure stress is greater than CT^ ,. The procedures given in 6.3
have been used to calculate the true tensile-flexural stress CT . Thet
depth of the compression damage, as a function of the beam depth, observed 
for slow rate carbon fibre specimens is given as fu ? in Figure 102. In 
glass fibres the higher level of general deformation and multiple 
delaminations prevented the measurement of an accurate value of u . An 
estimated value of 0 . 5 was used for this fibre but for the non—brittle 
failure of Kevlar fibres no estimate was possible.
The calculated composite failure stresses and C a r e  given
in Figure 102 together with the corresponding fibre stress ( T,)« The
values of u determined were average values as the interface between 
tension and compression damage was irregular and did not run parallel to 
the face of the specimen. The value of calculated is very dependent
on the value of u , for instance if u was assumed to be 0 . 6  for the 
glass—fibre composite the calculated CT^  would then be 7&9 MEl/m instead 
of 662 m / m  In addition, this analysis has assumed that oj, is limited
by tensile failure of the remaining portion (i.e. 1—u) of the beam. In 
several cases (e.g. HTU, A, E, ) delamination failures, either as the 
initial or as a secondary failure mode, were the limiting condition for 
O p . It should be noted that the use of long beam specimens loaded via 
20mm diameter anvil did not prevent compression failure in materials which 
were susceptible to this failure mode in short beam tests.
The compression stress was less than the limit stress recorded 
(i.e. CT " = O.64-O . 9 6 <T ) suggesting that this later stress can beO 1j
taken as an indication of the uniform stress at failure of the compression 
face (i.e. CTcr)*'- The calculated fibre stresses CF^n were now closer 
to expected results. The low strength of HT type fibre composites was 
confirmed by these results. The actual fibre efficiency obtained in 
composites has been shown by Hit chon et al(2 0 4) to be very variable and 
dependent on resin properties, fabrication route and test methods. These 
authors were unsuccessful in relating the composite strength to statisti­
cally characterised fibre properties. '
The calculated relationships between cr / CT, and ?u f, and CT / or
C u G U
and Op/’QIj. are plotted in Figure. 103(a). These curves have been utilised
to predict the expected value of u for the Kevlar fibre composite. The
fibre strength was taken as 2600 MN/m with a 100$ efficiency in the
composite. The value of cr^/cT^ was calculated to be 0.38, which
predicted a value*of ■ cr /.cr, of 0 .1 6  and a value of u equal to 0 .7 3-c "U -
This value agrees well with the apparent depth of compression damage in
2
Figure 5 0(h). The predicted value of crcff was 181 MET/m which compares
2
with a value of 238 MEj/m for CT^. The stainless steel fibre composites
2had a fibre stress at failure of 1594 MET/m which being at least equal to
the single fibre stress confirmed the absence of a prior buckling failure.
The calculated and measured strength properties were used in the
model outlined in section 6.2 . to predict the failure mode for these short
beam specimens. The calculated value of cr^  (tension strength) and the
experimental values of cr (compression strength) and direct shear (x1 0 )
L
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strength are given in Figure 104(a) as the calculated strength ratios..
These ratios have been used to plot the data points on the ternary diagram
in Figure 104(h), and the predicted failure mode can he compared with the
observed initial and secondary failure modes given in Figure 104(a).
All the data points fell 'within the compression failure region, in
full agreement with the observed failure modes. This was to he expected
as CTt was taken as the compression strength. The HTS composite data 
‘ ' -Li
point was on the failure mode transition and correctly predicted that after 
a small amount of stable compression failure, a tensile failure occurred.
The close proximity of the PRO and HMU data points to the shear failure 
region confirmed the susceptibility of these materials to shear failures.
The HTU and E data points were more removed from the shear failure region 
even though shear failures were observed. The accuracy of these data 
points depends on the accuracy and appropriateness of the individual strength 
values. For these later materials the value of cr^  calculated may be too 
low. The possible influence of eompression damage on the shear failure 
stress should also be considered.
(c) Compression Failure Mode
The two estimates of the compression stress, and cr", can be
compared with theories for predicting the compression failure stresses. 
Although some transverse constraint may exist above the loading anvil the 
failure stresses were not high enough to suggest a pure compression failure 
of the fibres as found by Ewins and Ham(lOO). The multiple buckling of 
Rosen was not likely as the predicted failure stress was much higher than 
the observed values, and these types of failures were not observed. The 
failure stress for carbon fibre composites were similar to values obtained 
for microbuckling failures at high temperatures(9 8 ) or at long gauge 
lengths(lOO), but in neither case was conclusive evidence presented for
the prediction of the failure stresses. The fibre stress at ^  for
JLi
2
PRD composites of 541 MH/m was higher than previously reported values 
obtained in pure compression tests(205 ) . Further results recently reported
Fibre
type
Strength ra tio F a ilu re  mode
T /Z ' c /z ' s /z ' In it ia l Secondary
HMU •66 •13 •21 Compression Shear/tension
H M S •40 •14 •46 Compression Tension
HTU •35 •25 4 0 Compression Shear/tension
H TS •23 •22 •55 Compression Tension
A •37 •16 •47 Compression Tensfc>n/(shear)
E 42 •14 •44 Compression Shear/tension
■ 1
P R D 74 •12 •14 Compression Shear
(a)Strength ratios and observed failure mode
Shear (xIO) strength
Fibre type
x HMU
O HMS
+  H TU
® H TS
©
Compression 
failure
Tension
failure
□ PRD
Shear failure
Compression strength Tension strength
ra tio  ratio
(b) Diagram for failure mode prediction for d iffe re n t 
fibre composites
Fig. 104
an equally high fibre stress in composites with the resin matrix filled 
with iron oxide powder( 206). These results suggest that the higher fibre 
stress was obtained due to the better support available from a stiffer 
resin, or possibly in this work from transverse constraint above the 
loading anvil. /
Weaver and Williams( 179) obtained kink bands for uniaxial compression 
tests on HTS fibre/epoxy composites in the presence of hydrostatic pressure.
A minimum hydrostatic pressure of 100 MN/m was required to prevent :
longitudinal splitting .failures. The failure stress increased directly
with further increases in the hydrostatic pressure. For a pressure of
2 2
500 MU/m a n d  a  c o m p re s s io n  f a i l u r e  S t r e s s  o f  1100 MU/m , t h e  k i n k  b a n d
can be measured from their figure 6 to be between 176 and 432pm xHd'e with
i n d i v i d u a l  le n g t h s  o f  f i b r e s  a s  s h o r t  as  l6|nn. H a n c o x ( 100) o b t a in e d  m i c r o -
buckling failures at 25mm gauge lengths, and partial kink bands were also
apparent in Figures 8 to 10, reference 100, on the fracture surfaces
resulting from a gross shear failure at 45° "to ^he specimen axis at shorter
gauge lengths. The kink band width was measure to be from 4 0 to-120pm for
a 0.60 HTS composite; kink bands were less apparent at 0.30
•A further measure of a kink band width was obtained from Figure 5
in reference 178, for high temperature flexure creep failures of HM
composites, to be 75—iOOpm wide. This result is close to the results
reported in chapter five even though the failure times (i.e. 1000 hours
and a few milliseconds) are very different and the creep tests were
conducted at 180-200°C. Ewins and Ham(98) also obtained microbuckling in
short time tests at elevated test temperatures but as the test temperature
was reduced the failure stress increased sharply, to levels consistent
with Hancox’s results, and the failure mode changed to one of 45° shear.
For this later failure mode Ewins and Ham found that the compression strength
*
increased linearly with fibre volume fraction and equalled the tensile 
strength for HTS and HMS composites in agreement with HancoxTs results.
Hancox also found for HTU composites that a plateau in strength was
obtained for V^ . greater than O.4O. It would appear that the microbuckling 
and gross shear failures are closely related and may represent different 
degrees or progression of the same shear instability failure mode depending 
on the degree of support available to the fibres. All the measured kink 
bands were of a similar order but it may be of interest to note, the slightly 
greater value obtained for the hydrostatic test.
An interpretation of the microbuckling can be considered from the 
viewpoint of Euler buckling if it is assumed that because of the non-uniform 
stress distribution the effective gauge length is not much greater than the 
buckle wavelength so that only a single buckle is obtained, in contrast to 
buckling on an elastic foundation, as shown in Figure 103(b). This buckled 
fibre fractures as shown and forms the nucleus of a kink band which 
propagates across the specimen. A similar situation could arise in a 
uniaxial compression test due to the inhomogeneity on a microscale resulting 
in more favourable situations in local regions for failure initiation.
The buckle length 1 has been calculated from equation (5 ) rewritten
— - 2
as below with P equal to I) r :
0 TT 1,2 -  r
3 = “ 4 ^ -  -  t531
The buckle lengths were calculated for values of ft - -J-, 1 and 4 (i»e. 
representing different support conditions) for the fibre tensile strengths 
reported in section 5 «1• and, in parenthesis, for the fibre stress at the 
proportionality limit. Equation 53 is not very sensitive to the values 
of ft and <T£ assumed. These buckle lengths are compared in figure 105 
with the observed kink band widths and are of a similar magnitude. It is 
interesting to note that the shorter buckle lengths, as observed for surface 
treated fibres, are associated with lower values of ft . Higher values of 
ft would be obtained for a constant value 1 if the local fibre failure 
stress was, as would be expected, higher for the shorter length of fibre 
in these kink bands. It is not clear from these calculations that ^ allows
debonding fibres) but application of Argon’s approach does allow direct use 
of the shear strength of the composite.
The measured shear strength and limit stress O'- reported in 
Figure 35 have been substituted in equation 10 to determine the angle $ 
of misaligned fibres predicted by this approach to be responsible for 
failure.. The angles given in Figure 105 were greater than the known winding 
angle. The PRD composite prediction was 2.86° but the lower than generally 
reported shear stress would result in a too low prediction. The rest of 
the shear strengths compared more closely with reported values and isolated 
fibre(s) misaligned by this degree can be seen in the longitudinal optical 
micrograph sections presented in section 5«lj or local displacement of 
fibres may be produced beneath the loading anvil. Differences between 
fibres are allowed for in the Poye crippling analysis which includes the 
fibre shear modulus. For these composites was low, either because of 
a low value of E in isotropic fibres or due to anisotropy in carbon and 
Kevlar fibres. The value of &m/&f i-n equation 9 was 0.03 to.0.10 and 
only a 5$ reduction in the high values predicted by equation 7 was obtained. 
The fall in the matrix shear modulus with applied strain was not known but 
a 9Ofo fall in modulus would be necessary to obtain agreement.
Care must be exercised in the application of any of the above 
equations because of the unknowns, such as the stress in the failure zone, 
the exact mode of failure and the effect of combined stresses on the failure 
strength. For instance, Collings(207) has shown the shear strength to be 
dependent on the applied tranfeverse stress (c.f. transfibre stress beneath 
the loading anvils).
(d) Energy Absorption
The energy absorbed up to the proportionality limit was predicted from 
equation 14 with CT - CT^ and E equal to both prior to (E**)
and after correction (E*) for the loading train deflection. These results 
are given in columns 6 and 7 respectively, Figure 106(a), and both gave good
Fibre Type HM(J HMS HTU HTS
i
A E
Fibre Radius pm 4.2 4 .2  | 4 .6 4 * 6 4.5 6
Fibre Youngs 
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380 380 J 250
1
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Fibre Tensile 
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FIG. 105. Prediction of Conditions Controlling Compression Failure
as is to be expected because WL was obtained from the load-displacement 
curve and included the work done on the loading train. This contribution 
will always be present if the load P is greater than zero. The WL 
term can also be predicted directly from Pj-. and ^  given in Figure 35.
The energy, absorbed up to peak load (WP) was similarly predicted from 
cjp and E** in column 8. Only in the case of HTS fibre composite, which 
was essentially linear elastic to failure was a good estimate of WP, and 
WS, obtained. The estimate for materials showing non—linear response were 
predicted by the use of a secant modulus (Eg**) (calculated from the 
and Pp given in Figure 35) given in column 1 of Figure 106. These results, 
column 9? gave improved correlation but an underestimate was still obtained, 
the remaining error was equal to the difference in the results of columns 8 
and 9* That is, the total correction for non—linear response could be
)|, as 
shown in column 10.
The method outlined in section 6.3 was utilised to predict the energy 
absorbed by compression initiated failures. The reduced modulus, E^*, 
calculated is given in column 2, and the energy predicted by equation 48  
is given in column 11 of Figure 106. In view of the simplification used 
in obtaining the model stress—strain curve the agreement with values of 
WS was .very good except for HMS and HTU composites. The HMS prediction was 
too high and resulted from the unexpectedly large region of compression damage 
which was not expected from the load-displacement curve (W.B. use of half- 
width specimen may influence failure mode). Better agreement for this 
material would be expected, and was obtained, with the prediction in columns 
9 and 10 as WP ~  WS. In contrast the value for HTU composite was 
underestimated. Additional factors may be required to be considered such 
as the effect of delamination failures as shown in chapter 8.
A further prediction was obtained by assuming that in the absence of 
the compression failures the composite would have failed at for
obtained by the use of a value of E equal to |E** — 2 (E** — Eg**
[ No
i
Fibre Type j HMU M S HTU HTS A j E PRD
1
/  2 j
Secant GN/m 1? 8
Modulus (E **) j x s y I
30.6 21.8 23.3
|
23*4 13*4 11.7
2
Q
Reduced GN/m 
Modulus E^* 7.51 20.2 27.0 26.3 19*53. J 7*78
I
3*35
3 WL 5-5 11.7 11.3 20.2 20.7 17.1 12.5
4 WP 22.8 2 6 .0 20.2 21.7 50 .3  j 4 4 *4 60 .0
5 WS 61.7 26.7 46*9 21.7 73*9 | 113*8 249*8
6 crL s 
18E*
4 .7 10 .4 9*4 18.8 17*2 j 15*4
!
9 .0
7
2
18E**
5*4 .11.4- 10.7
•
21.2 19*6 16.6 9*8
8 0“p2s
18 E * *
12.1 18.6 16.1
.
21.2 37*1 38 .3 32.1
9 Op2S
18E * *  
s
23.4 22.3 18.1 21.3 43*7 4 1*7 45*3
10 Column 9 
corrected : 2 6 .0 20.1 21 .4 50.3  ; 45*1 58*5
11 Equation 48 60.1 47.1 14.7 19*4 63.1 95*0 227*7
12 t
18E **
57.4 41*6 17*9 21.2 62.6 145 •222 .5
13 W s -
l8Ef
7.1 11.5 10.0 7*4 14*0 55*8 58.8
14
2 2 V ^ f S
18E * *
38.1 4 9 * 9 . 30 .8 2 1 .4 33.8 88.1 208.3
2Units for columns 3 to 14 — kj/m
TTG. 106 (a )  Comparison of Theoretical and Experimental Energy 
Absorption for Different Eibre Composites.
No Fibre Type HMU | HMS
i
HTU | HTS A E PRD
■15 <s2=
6E**
162.2
(5 3.5 )
1 2 4 .8
(62.4)
53.7
(4 4 .6)
63.6
(62.3)
1 8 6 .8
(112.7)
43.5
(217.5 )
667.5
(180.2)
16
■ ? V ’ -
6Ef
2 1 .3
(7 .0 )
34.5
(17.3)
30.0
(24.9)
22.2
(21.7)
4 2 .0
(25-2)
1 6 7 .4
(8 3 .7 )
176.4
(47-6)
17
2 2 
V f  S 
6E**
114-3
(37-7)
149.7
(74.9)
92.4
(76.7)
66.6 
(65.3)
1 2 6 .0
(75-6)
5 0 2 .2
(2 5 1.1 )
5 2 9 .2
(142.9)
..18 Fibre Tensile
Strength
m / m 2
1940 1913 1715 1553 2278 2100
19 Maximum 
pull-out 
length pm :
300 7 6 214 57 203 1724 ■' ~
20 r y j
MN/m2 13.6 52.9 1 8 .4 6 2 .7 2 5 .2 3 .6 5
21 Pull-Out 33.9 10.2 1 8 .4 3.93 24.7 1 9 3 .3 - :
22 " X  (1—u ) 11.2 5.1 15.3 3.90 1 4 .8 9 6. 65 -
23 Stress
Relaxation 0.35 0.10 0 .2 5 0 .0 5 0 .5 6 14.4 . - .
24 " x (1—u ) 0.11 0 .0 5 0.21 0 .0 5 0.34 7.2 -■
25 Debonding 
Equ. 29 O .5 2 0 .1 5 0.38 0 .0 7 0 .8 4 21.6 - V
26
;
Debonding 
Equ. 30 3.12 0 .9 0 2.28 O .4 2 5.04 1 2 9 .6 - I1
i
Units — kj/m except where stated.
FIG. 106(h) Comparison of Theoretical and Experimental Energy 
Absorption for Different Fibre Composites.
catastrophic failure (column 12) and progressive failure (column 15 —
Figure 106(h)). The results in column 15 are shown in parenthesis 
adjusted hy (1—u) for the region failing in tension. Column 12 gave 
reasonable agreement for HTU, A, E and PRD composites. Column 15 was 
not particularly successful in' either form.
The fibre properties were also used directly as CT^ and E^
and corresponding results to columns 12 and 15 are given in columns 13 
and 16 respectively. The only good agreement obtained for column 13 was 
WP for PRD composites. Column 16 was again (cf column 15) unsuccessful.
An alternative prediction was based on jjT^  but the flexure of the specimen 
was assumed to be characterised by E** rather than ; E ^ ,  resulting in 
column 14 and 17 which recorded higher absolute values than the 
corresponding columns 12, 13 and 14*15 considered above. Column 14 gave 
reasonable predictions for E and PRD composites.
The only microfailure mechanisms considered at this stage are pull-
out (equation 33), stress relaxation (equation 26) and debonding (equation 2 9 ).
A common value of calculated from equation 1 using the fibre strength
calculated in Figure 102, or if higher, the single fibre strength (HB. Some
failure stresses, as previously noted, were limited by delamination failures )
and the observed pull-out lengths (column 18 and 19 respectively). The
2
calculated values of X  , given in column 20, ranged from 6 2 .7  Mtl/m for
'2
HTS fibres to 3 .6 5 MF/m for E composites and were of similar order to 
published values (see section 2.2.2.). No value of ^  was obtained for 
PRD composites as pulled out fibres were not observed. The calculated 
results for these three mechanisms are given in columns 21, 23 and 25 • For 
the pull-out and stress relaxation mechanism results corrected by (1—u) are 
given in columns 22 and 24 respectively to allow for the proportion of the 
failure not showing tensile fibre fracture. The debonding mechanism was 
considered to be equally possible during compression or tension failure.
The pull-out energy only gave reasonable correlation with WS for the 
corrected E composite prediction. The stress relaxation and debonding
mechanism predictions were much lower than the pull-out results and except
for E composites the absolute values were insignificant when compared to
the experimental results. For E glass fibre composites addition of columns
23 or 24 to column 22 gave improved agreement with WS. Finally in column
26 the debonding energy based, on the debonded length Y, where Y was taken
to be equal to twice the maximum observed pull—out length is given. Only
in the case of E composites, where again good agreement with WS was obtained,
did this predicted value approach the experimental results. These later
predictions are most sensitive to the value of ov assumed. As there is1
a square or cubic dependence on the fibre strength large changes can be 
obtained in the predicted results if the strength for a 200pm length of 
fibre (c.f. section 2.2.2.) is assumed instead of a normal 20 or 50“® gauge 
length value.
The best correlations obtained were as follows: WL by columns 4 aiid
5, WP by columns 9 and 10 and WS by columns 11 and 12. It should be noted
that none of the predictions based on progressive failure produced good
correlations. This may be due to the lack of a satisfactory procedure to
account for the compression initiation failures, or that the test geometry
allowed the specimen to pass through the test jig, thus limiting the energy
recorded by the test. The progressive failure prediction, as in column 17*
2
gave a value of 69 M / m  for the SS fibre, in good agreement with the 
experimental values of 70*3(SR) and 89(lR).
(e) Effect of Specimen Condition
The only material to exhibit a major change in energy absorption with 
specimen type was the HTS composite which'only recorded 35$ of the 
unnotched value when notched. The ST specimen failed at a lower stress, 
assuming an unnotched beam equivalent to the depth beneath the notch, than 
the UN specimen. The remaining materials were not notch sensitive, a^ they 
delaminated at the notch tip, and in all cases failed at higher equivalent 
stresses, up to 70$, than the UN" specimens. This increased‘failure stress 
may reflect the smaller effect of the loading anvil on the compression
laimre stress due to tne lower loaas appiiea to a tninner specimen, as 
noted in the fracturegraphic observations for compression initiated failures, 
failure occurred above the loading anvil rather than the notch plane and 
the fracture features were the same as noted for IM specimens. The 
delamination failure at the no£ch tip is to be expected as 12^ was less 
than the tensile strength (c.f. T. 1 (To ) ).
(f) Effect of Impact Rate
Impact test results for all types of carbon fibres in all specimen 
conditions, except EMS/IR/tT, recorded little difference from the slow 
rate test results. This is not unexpected as the strain rate insensitivity 
of carbon fibres was noted in 6 .5 . The impact tests did though result in 
smaller regions of compression damage. Greszczuk(96) reported that the 
compression strength increased with resin stiffness. This effect would be 
reproduced by the stiffness of the resin being higher at the higher test 
rate. At this point no explanation is available for the low value recorded 
for the EMS/IR/TT specimens and further testing is obviously required to 
confirm this decrease in energy absorption.
Glass fibre composites recorded much higher values in impact tests.
The increased number of delamination and splitting (TT specimens ) failures 
may be responsible for part of the increase. In contrast to the carbon 
fibre composite the region of compression damage increased at the higher 
test rate suggesting an increase in the tensile failure stress. If the 
compression strength increased as above the necessary increase in tensile 
stress will be even greater. If the energy absorption is related to the 
straining of the fibres via the tensile strength, a 70$ rise in fibre tensile
O P
strength from 2100 M / m  to 363O M / m  would result in the observed 200$ 
increase in absorbed, energy. The results reported in 6 .5 . suggest that this 
degree of increase in strength is possible. The similarity of the results 
at both test rates for PRD fibre composites suggest that failure of this 
fibre, in tension or compression, is either strain rate insensitive or the 
effects are self—eliminating.
but the compression dominated failures may have camoflaged any change. 
Differences in test equipment, failure loads etc. would result in small 
changes in the secondaiy energy mechanisms considered in 6.4*
7.2. The Effect of Fibre Diameter....—  ............  ....i..— —  . T .. —
(a) Flexural Moduli
The flexural moduli predicted for these materials are 15$“30$ greater 
than the recorded values, Figure 55Cb)> when corrected for shear deflection. 
Apart from the scatter due to differences in fibre volume fraction additional 
variations may be due to changes in indentation behaviour and for large 
diameter composites with few fibres in the cross—section, the position of 
fibres across the beam section may be critical. These specimens were half- 
width, cf. HMS composites in 7-1* so that a higher degree of indentation may 
occur due to a smaller degree of transverse constraint at the loading anvil, 
(b ) Flexural Strength
The most significant affect of the variation in fibre diameter on the 
behaviour of the composites was the change in failure mode from a compression 
initiated failure at small diameters to a. tension initiated failure at large 
fibre diameters. In the absence of a compression-or shear initiated failure 
the failure stress can be predicted from the fibre strength through the law 
of mixtures, so that curve A in Figure 107 would be obtained. •
The effect of fibre diameter and fibre strength on the compression
strength has not been established (2.4- 2 ). For small diameter fibres ( 0pm )
the normally measured compression strength, in the absence of high transverse
constraint, is lower than the tensile strength. If the strength is assumed
to be constant with fibre diameter and fibre strength, then curve B in
Figure 107 is obtained. However several factors indicate that an increase
in failure stress may be obtained with increasing fibre diameter.
Experimentally, Leventz (208) recorded an increased strength as the fibre
diameter was increased. The improved collination obtained with the larger
diameter fibres and the better quality of the composite due to easier 
impregnation would increase the failure stress for both buckling and shear
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individual fibre then the short length of specimen at the maximum compression 
stress may influence the buckling stress. For instance, the buckling load 
for a column on an elastic foundation is only insensitive to the fibre 
diameter if the specimen length is much greater than the critical buckling 
wavelength. The wavelength is shown in equation 53 to be more dependent 
on the fibre- diameter than the fibre stress, and for the results given in 
Figure 55(a) for ft = 4 buckling wavelength increased from 160pm at 
d = 9pm to 12,400pm at 308pm. So that as the fibre diameter was increased 
a buckling mode failure became less favourable. In addition, in common with 
other brittle materials, the compression strength of the fibres may be 
higher than the tensile strength. Curve C has been drawn in Figure 107 
to indicate an arbitary increase in compression strength with increasing 
fibre diameter. v  .
This analysis suggested that a failure mode transition occured at 
point II or III, depending on the compression strength trend assumed, from 
a compression initiated failure at small diameters to a tension initiated 
failure at large diameters. In the context of Figure 101(b) the material 
data point would progress from KLK to MLK as the flexural strength ratio 
reversed with the increase in fibre diameter. (KB. A failure mode transition 
would still be obtained if the compression strength falls providing the rate 
of fall—off is slower than the fall—off in the tension strength). The 
apparent flexural strength ( CTp) for compression initiated failure will be 
intermediate between the compression and tensile strength as indicated by 
the dotted lines (c.f. 6.3 ).
Comparison of the composite flexural strength with (3J gave good 
correlation from 308pm down to 119pm, with increasing deviation below this 
prediction for smaller diameter fibres. As noted in section 7»1* estimation 
of u for glass fibre composites was difficult due to the general deformation 
obtained. This deformation increased for the fibres larger than 9pm failing 
in compression. Estimated values of u were in the range of 0 .5  to 0 .6 7  
with no apparent trend with fibre diameter. The corresponding values of
would be "between 1 .5 and 2.08 cr which results in "better agreement for 
these composites with is shown in section 7*3* that correcting
to a common volume fraction of O.5O "by assuming a linear dependence on 
may not "be strictly correct.
(c) Consideration of Fibre Pull-Out Mechanism
It was suggested "by Kelly(l50) that large diameter fibres may impart 
greater toughness to fibrous composites. This increased toughness was based 
on the view that fibre pull-out was the major energy absorption mechanism.
The pull-out energy for a composite increases directly with increase in 
fibre diameter.
The effect of fibre diameter can be included directly, rather than
1 , for pull-out, debonding and stress relaxation mechanisms. The appropriate c
equations are given below, rewritten where necessary to exclude 1 :
. O '
Pull-out: Wp _ ?a  m  ... p 3 l
°f3 %Stress Relaxation: ^  ... [26]
V ^ f 2
df
24 V
?f - df
12 Ef ■"E
vf crf3 df
12 Ef V
f °f
df
Debonding: = "'T o ~ &  ... [29]
V  = —  [30]
Equation 30a has been obtained by the frequently made assumption that
Y ~  1 but as equation 30 was derived by assuming %  - zero the validity
of this equation should be questioned. Equation 33 strictly refers to
discontinuous composites where the fibre length is less than the critical
fibre length (l ). It has become common practice to apply this equation to c
continuous composites by assuming the pull-out length is related to 1 (e.g.c
average pull-out length = 1 /4)« The validity of this approach is considered
i c
in chapter eight, but at this stage the accepted convention is employed.
For a constant E^, ^  and V^, the equations given above are dependent 
on the fibre diameter and the square or cubic power of the fibre strength.
Consequently these energy terms are more dependent on the fibre strength
3 2
than the fibre diameter. The terms <T_^  d^, and d 'have been plotted
in Figure 108(a) for a constant fibre strength and for the experimental
fibre strengths (also shown in more detail in Figure 108(h)) for the range
3 2
of fibre diameters considered. A peak in the experiment ^  and Oj ck
curves was obtained at 60pm and 50pm respectively. The corrected results
did not show this peak hut the uncorrected results were coincidentally very
similar. There is some concern over the method used to correct to 0.50
and in test series 5*5 "fche aligned—epoxy at >60$ recorded a. WS energy 
2of only 183 k.j/m which is lower than the corrected 9pn result and supports 
the suggestion of a fall—off in WS at the smallest fibre diameter.
Equation 19 which is dependent on the square of the fibre strength 
but not on fibre diameter would show a continuous fall with increasing 
fibre diameter, similar to the corrected UR and TT results.
In order to predict the energy absorption an estimate of the inter­
face shear strength was obtained using equation 1 from the measured maximum
pull-out lengths (equivalent to 1 /2) and the results are shown in Figurec
109* Up to JOym fibre diameter the interface shear strength averaged 3.8
* 2 2 
MR/m (range equalled 2.34 "to 4*8 MR/m ). At larger fibre diameters there
was increased scatter and higher results up to 21.6 MR/m It was not
expected that the shear strength should vary so greatly. If the value
of 'Y is assumed to be 3*8 MR/m for all fibre diameters then the pull—out
length for 243pm diameter fibres would be expected to be 11.4mm, several
times larger than the observed pull-out length. Comparison of this predicted
length with the specimen size suggested that this length of fibre would be
difficult to pull out of a small specimen bent relatively sharply.
The two halfs of a failed specimen do not separate along a direction
parallel with the specimen fibre axis but by a flexure mode that can be
considered to be similar to a hinge action with a pin at A as shown in
Figure 107 (b). For fibres not failing in the_jplane of the crack pull-out
will occur under a tensile stress dependent on the sliding friction
dCi lX;
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shear stress and a hending stress The comhination of these two .
stresses will result in premature failure of the fibres in the plane of 
the notch and curtail the length of fibre pulled out.
The minimum distance th t1 see figure 107(b), from the hinge that 
fibres of different properties must be situated in order not to fail under 
a pure bending stress, can be obtained from the minimum bending radius R
... [54]
Typical values for commercial fibres are given below
Carbon fibre
fibre Type E glass Kevlar SiC Boron A HT EM 
R (mm) 0.09 0.22 8.3 10.2 O .4 4  O .4 6 0.81
The ability of carbon and Kevlar fibres to be processed and fabricated 
using glass fibre technology JLs due to the similarity of R for these 
fibres. In comparison boron and silicon carbide while possessing similar 
strengths and moduli to the previous group of fibres have a large value of 
R due to their large diameter. Thus these fibres are most commonly available 
as flat pre—preg sheet. In these experiments the strength decreased as the 
diameter increased resulting in the increased values of R given by the 
uppermost curve in figure 107(c). The 308pi diameter fibre is required to 
be 25mm from the hinge at A with no tension forces present in order to 
obtain complete pull-out of the fibre.
A tension stress is generated in the fibre by the interface sliding 
friction force. Cox(209) has analysed the effect of both the crack angle Q 
between the two surfaces of the fracture and the applied tensile stress.
Cox obtained the stress concentration at the root of the notch ('•p, 
assuming that shear deflections in the fibre and matrix could be neglected, 
as follows:
calculated as follows:
* - 5 ?20f
where Q is the half angle between the crack faces, d^  = the half length 
of the fibre bridging the crack at a distance h = e/9 from the crack 
tip, cr^  and 0 “^  are the bend and tension stresses respectively. For 
the full size specimen used here'the maximum value of h equals 6 .4mm 
and the tensile stress that must not be exceeded if failure is to be 
avoided due to the sum of bend and tension stresses can be obtained from 
the graphs given by Aveston(210) calculated from the Cox analysis for 10pm 
E glass fibres. For a fibre of ultimate strength 3000 Ml/m , the maximum 
tensile stress is reduced to 1000 at -0 = 0.11, 177 MN/m^ at 9 = 0.41,
Q O
32 MN/m at 9 = 1.01 and 8 MW/m at 9 - 2.01. This effect may be mitigated 
to some degree by the fact that the fibre tensile stress due to interface 
friction will fall as the fibre length embedded shortens during crack 
opening by shear deflections and by yielding or crumbling of the matrix. 
Fibres close to the hinge than h will be more seriously effected until if 
h is less than R failure occurs due to the bend stresses alone. From
Figure 107(c) it is predicted that all fibres larger than 140pm diameter
will fail due to bend stresses alone for the standard sized specimen.
This discussion suggests that pull-out lengths, of large diameter 
fibres in particular, may be due to crumbling of the matrix rather than by 
fibre pull-out. This suggestion can be supported by the microcracks observed 
in the matrix, the absence of holes corresponding to the pulled out fibres 
and the general debris arising from the failure zone. Even the presence of 
a hole is no guarantee as the hole depth may be less than the length of the 
corresponding fibre.
(d) Energy Absorption
The uncorrected WS energy (column 4 ) is compared in Figure 109 with 
several theoretical predictions of energy absorption. As CF^  has not been
calculated, 0^ , has been used instead to determine the stored strain
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energy at failure for an assumed tension failure, column 5* Good agreement 
was obtained for the two smallest diameters between columns 4 an& 5 but an 
under-estimate was obtained for the remaining fibre sizes. This approach 
is extended in column 6 for the case of progressive failure for the same 
failure stress. An over-estimate was obtained up to 70pm, i.e. for 
compression-initiated failures, and an under-estimate for the remaining 
large diameter fibres. This effect could be due to not. considering any 
load to be carried in the failed portion of the composite, or that the fibre
strength was too low. For instance the largest difference was obtained for
2 2 the 223pa diameter fibre (WS = 86 kj/m , column 6 prediction = 25 kj/m );
other results were much closer. The strength of these fibres (440 M / m  ) was
lower than the general trend in Figure 55(a-). The composite flexural strength
' 2suggested a fibre stress at failure of 530 M / m  , and the general trend in
Figure 55(a) redrawn to exclude this experimental result suggested a fibre
2
strength of 750 M / m  . These two strength values result in new predictions
2
of 36.4 and .72.6  k.j/m respectively. The alternative prediction for 
progressive failure given in column 7 based on rather than E*
predicted rather lower results at all fibre diameters.
The predicted energy absorption due to pull-out (equation 33) is 
given in column 8 for 'V = 3.8 M / m  and, in parenthesis, for W  equal to 
the calculated value in column 3* In both cases the predictions were greater 
than WS, with particularly large differences for large diameter fibres, and 
for the average value of ’X . An alternative prediction based on. equation 32 
allowed the observed pull out lengths to be used directly for both the 
average value and, in parenthesis, the individual values of 01 . These 
results, given in column 9» for T  = 3-8 M / m  do show the experimentally 
obtained fall off in absorbed energy at large fibre diameters. In column 
10 the observed debonded lengths (column 2) were used in equation 30. The 
results obtained are of the required order and trend, but tends, especially 
at large "fibre diameters ,to be too low. The final prediction in column 11, 
for both values of is based on the stress relaxation mechanism of energy 
absorption (equation 26). Although the agreement for the average value
of 'c was not particularly close, the general trends were correctly 
predicted.
The TT specimen results were lower than the UN specimen results.
This was to he expected as the 3-pt loading jig produced only one compression
failure zone, it had a lower stored strain energy at failure and for large
diameter fibres the cutting of the notch itself would have a particular 
large effect on the number of undamaged fibres remaining beneath the notch 
cut.
■ In general none of the above predictions resulted in acceptable 
correlations over the complete range of fibre diameters. Column 6 showed 
potential except at small diameters where the use of the procedure given 
in 6 .4  for prior compression damage would give improved predictions. The 
high level of general deformation prevented the use of this latter procedure. 
At large fibre diameters the predictions may require a knowledge of the 
fibre failure stress for individual fibres, i.e. prior failures may cause 
failures'to occur away from weak points in succeeding fibres. It should 
be noted that the square of a normal distribution of fibre strengths is 
skewed towards higher values (i.e. a negative skew)
7.3. The Effect of Fibre Volume Fraction
7»3»1• Longitudinal Specimens (l)
(a) Flexural Modulus
Shear deflections would be expected to be of low significance in 
this series of tests as ^/d = 12 and the ^c/g ratio was relatively low.
This was confirmed by the good agreement in Figure 6 7(a) with the mixtures 
rule prediction. The lower values for the 6 0 /4 0 composites were expected 
because of the higher c/Gc ratio (see section 7 *4 ).
(b) Flexural Strength
The fracturegraphic observations suggested that the failure mode 
changed from one of tensile domination at low fibre volume fractions to a 
compression dominated failure at high volume fractions. The tensile strength 
of an aligned continuous fibre composite is normally considered to increase 
linearly with volume fraction with a slight fall—off at V^ > 0 .6  which is
U T /T /I’ ID U U  e a  UU m a - l iu i  I; U i'J -X ig  u i i i i u u i u i B S  cto i i -L g n  v ^ » o .  m e  e u m ^ i e o c i y u
strength is less.well characterised and the effect of volume fraction on 
the microbuckling failure mode stress has not been reported. Holmes and 
Al-Khayat(211) have recently published results for the tension and 
compression stress of glass—fibre unidirectional cloth—polyester resin 
composites. Their results are plotted in Figure 110(a). The tension 
strength increased fairly linearly but the compression strength changed 
little about a peak at O.^O Y^. To obtain a compression failure at low 
volume fractions the effective compression strength must be 50% greater, 
as shown, than the reported values. This increase may include effects 
such as stress distribution at loading anvil including shorter effective 
gauge length, and compensation for the presence of the slight misalignment 
present in a unidirectional cloth where the weft fibres pass across the 
warp fibres. The following trends are now apparent in this corrected 
figure; below **0 .2 6 the compression strength is greater than the
tensile strength, from 0.26 Y^ to O.4O the compression strength is just 
less than the tensile strength and above O.4O Y^ there is an increasing 
divergence. These trends agree with the behaviour observed in these tests.
The flexural strength for five 60/40  resin composites spanning the 
range of V^’s were corrected for the prior compression damage following 
6.3  using values of u estimated from fracturegraphic observations. The 
apparent strength <3~p , and the calculated strengths cr, and cr I T (exceptr u G
for 0 .1 7 Yg) are given in Figure 110(b) with the value of u used for 
each Yg given in parenthesis. Also given in this figure are some trial 
compression test results obtained on 5nun gauge length beams end—bonded 
into metal end—pieces. These further results support the trends suggested 
by Figure 110(a). The tension results increased with V^ and predicted a 
fibre tensile strength of 2,200 MN/m .Th e s e  results were also greater 
than the long beam results for specimens failing in tension suggesting a 
smaller apparent gauge volume. The low strength of the 0.17 composite 
may be due to the composite possessing fibre deficient surfaces and the 
poorer quality of this specimen. It has been report ed( 100) that voids
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strength "but this specimen failed in tension in spite of the expected
weakness in compression. The measured compression strengths were larger
than CT " as expected as a*” is the residual load balancing stress c c .
at failure. Both sets of results recorded a peak value with a fall off 
at higher volume fractions.
The trends in strength can he considered on the basis of Figure 
101(b). Only the 0.17 composite had a tension failure stress less than
the compression failure stress so that its data point would be to the left 
of the line HL. The shea]>-strength trend with was not accurately given 
in Figure 74-03) "but the tension strength was less than 20X the lowest 
shear strength, so that interlaminar shear failures were not expected.
For the remaining materials the compression stress was less than the 
tensile strength so that the data points are to the right of the line FTL. 
The uncertainty over the shear strength and the actual compression failure 
stress prevents prediction of which of these two failures will be initially 
most favourable. In general as the tension strength increased with ^  
both shear and compressive failure modes would be expected prior to the 
final tension mode. It xfas noticeable that the load-displacement curves 
for compression initiated failures did not show the stable region at high 
loads observed in section 5»1* "but a fairly brittle tensile failure quickly 
followed the deviation from linearity indicating the occurrence of com­
pression failure. This difference in behaviour appeared to be due to a 
difference in compression damage propagation. In full depth specimens 
the crack once formed propagated stably across the beam until final failure 
occurred. In half—depth specimens the crack was able to propagate more 
quickly to the stage prior to final fracture. Delamination frequently 
occurred at the crack tip for these specimens. The 6 0 /4 0 resin was 
particularly susceptible to this mode of failure.
(c) Energy Absorption
The fracturegraphic observations and the corrections applied to the 
flexural data prompted a reconsideration of the data given in Figure 65 that
was originally suggested to follow a linear relationship with volume 
fraction. The individual results for WS for the 100/0 resin slow rate 
tests are given in Figure 111(a). These results were further analysed 
to give the energy absorbed prior to the peak load (WP) and after the 
peak load (WS-WP). These resiilts are plotted in Figure 111(b) and (c) 
respectively. In each case, Figures 111 a, b and c, regions I, II and 
III equivalent to the tension dominated, mixed compression/tension and 
compression dominated failures regions identified previously have been 
indicated. For WS the following observations could be made; in region I 
the energy increased with volume fraction; in region II the energy was 
at a constant level; and in region III it increased, again. From Figure 
111(b) it is apparent that the increase in region I was due to the increase 
in WP energy which then remained at a constant level. It is apparent from 
Figure 111(c) that the increase in region III was associated with an 
increase in (WS—WP) energy. Three regions can also, be observed for the . 
6 0 /4 0 resin composite results given in Figure 6 5(b).
These trends can be compared to the trends in failure mode if WS 
etc are assumed to be related to elastic straining of the composite. For 
the low region the failure stress and stored energy at failure increases
with at intermediate V^fs the failure stress increases less rapidly and 
the higher stiffness and prior damage results in a more constant level of 
strain energy. At high V^Ts the delaminations increase the elastic strain 
energy in the post maximum load portion of the failure response (i.e.
WS-WP). / . -  v _
The values of WP and WS recorded for the 60/4O composites corrected
in Figure 110 to obtain are given in Figure 112 for comparison with
theoretical predictions. Column 3 records the stored strain energy at
which correlated well with WP suggesting only a small degree of non-linear
behaviour prior to the peak load. Column 4 records the prediction due to
equation 48 using the calculated value of CT " as CTJ. was not measured
C Li
in these tests but no correlation was obtained with WS. In column 4 is
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PIG. 112. Predicted and Experimental Energy Absorption for Different 
Volume Eraction Composites.
recorded tne prediction oased on m e  nore strain energy, f = *nuu JVUM/m ) 
and the apparent flexural modulus. Good agreement was obtained with WS at 
0.17 hut underestimates were recorded for higher volume fractions. The 
same prediction in column 6 using V^ E^ , was very similar to column 5 > as 
for these materials E** is nqt very dissimilar from V^E^. Column 7 records
the predicted value for progressive failure at <3^,. These predictions are
greater than WS, so that for all five volume fractions WS falls between a 
catastrophic failure and progressive failure of fibre with strength equal
to The corresponding equation for E ** would produce only slightlyx a
larger values than column 7 and has not been recorded separately. The 
results for column 7 have been corrected, in parenthesis, for the prior 
compression failure by multiplying by (1—u);
Finally in columns 8 and 9» the pull—out and stress relaxation
predictions respectively are given. A value of - 3 .6 5 MW/m has been
used from section 7*1 as no differences were observed in the pull-out . 
lengths for these specimens and the E glass fibre composite studied in 
7.1. The pull-out prediction is too high at all Y^fs, correcting by 
(1—u) to allow for prior compression failure only reduced some results 
but did not result in an improved correlation. In contrast the stress 
relaxation prediction underpredicted for both WS and WP.
A second estimate of the bond strength was obtained from the spacing
of the cracks in the matrix for low composites (e.g. Figure 71 ("b) and
(c)). Cooper and Sillwood(l47) related for a debonded system the material
properties to the crack spacing as follows:
2 \  °mr
average crack spacing x  J  = x° = ~  2^5 ’ ... [5 6 ]
For the 60/7). 15/lR/UW/l specimen the average crack spacing was
2
167.3pm and resulted in a value of ^  = 10.1 MW/m , but as these cracks 
were observed in impact tested samples cr^ may not be appropriate to this 
calculation of a dynamic shear strength. Use of this value of in
columns 8 and 9 would reduce the predicted values by 63$.
Previous comments regarding the effect of specimen type, loading 
rate and loading geometry made in 7*1 and J.2 are again applicable to 
the TT specimens and to impact tests.
7.3.2. Transverse Specimens (t)
(a) Flexural Modulus
The experimental transverse modulus results are compared in Figure 
113 with theoretical predictions due to Halpin and Tsai (equation 2), an 
inverse rule of mixtures and a modification proposed by Ekvall(66) to 
allow for the enhancement of the matrix modulus due to its constrained 
position within the composite. These last two predictions are given.by
—  [57]
••• C58]
The Halpin and Tsai prediction with = 2 gave good agreement with, 
the experimental results. The Ekvall. analysis overpredicted at low 
when the constraint would be expected to be low or non—existent, and 
underpredicted at high V^. It would appear that a constraint factor with 
a dependence on would be necessary to obtain satisfactory agreement 
over the entire range of V^Ts. The inverse rule of mixtures seriously 
underpredicted but Marom and White(2.12) obtained agreement for a similar 
series of composites including an overprediction at high V I t  may be 
that the lay-up of pre—pregs in this later work resulted in a banded 
structure with resin rich regions which would result in a lower overall 
stiffness. The slight degree of winding misalignment would not be expected 
(63) to increase the modulus. The transverse moduli did not require 
correction for shear strain deflection as anisotropy is not present 
in the transverse direction.
the following equations:
Inverse rule of mixtures, E, =
7 t
E_E f m
■VpE 4- VJL- f m i f
Ekvall modification,
EJ3 * f m
W  + W 1-V2m)
where E T = E /(1-2 V ) m m' v m '
Equation [2] 
x x /  Equation [58]
Equation [57]
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Fig. 113 Prediction of transverse modulus and failure 
strain for different volume fraction composites
(b) Transverse Strength and Fed lure Strain
The relatively low tension strength of transverse composites results
in data points for these material heing in the tension failure region of
Figure 101(h). The recorded flexural strength has been considered from the
viewpoint that failure occurs due to strain concentration in the resin
arising from the presence of rigid inclusions as suggested by ELes(8l).
If, as in Figure 113(h), a displacement A  is applied to a har of resin (a )
a strain £ will he developed. If the same displacement is applied to m
the composite har (b ) which represents fibres and the resin in the inter*-
fihre gap the strain developed in each phase is dependent on the stiffness
and volume fraction of that phase. As the inclusion stiffness is greater
than the resin stiffness the applied strain in the resin is greater
than the strain in the inclusion. For Y~ — Y , and £ in har A, thef m m
ratio £ /£ * indicates the degree of strain concentration obtained, and nr m
its dependence on E^/e^ and volume fraction was given by (8 1 )
£ /£  t _ £ If. _ 2 + A/ r  f 591
J  ra _ m' t A e \pyi
-  + 2 -2.
E Kf
where A  is the interfibre spacing and R the fibre radius. A/r can
he calculated for both regular hexagonal and square arrays. This equation
reduces to 8 /£, = E„/E at the maximum volume fraction,nr t I m
The predictions based on ^/r for a hexagonal array and the 
experimental properties are greater than the experimental values of . .
Good agreement was obtained if £.m equalled 1*5$ as shown in Figure 113(c).
The strain concentration in the resin will be associated with a corresponding 
increase in the strain rate which, following the discussion in section.6.4? 
would be expected to alter the properties of the base resin. A test 
conducted afc 25nim/min, an increase in test rate of 25 (cf —  31 )»
recorded a failure strain of 4*5$ t>ut the maximum load was reached at 
1.6% strain in good agreement with the above prediction.
The stiffness and failure strains obtained above can be used to
predict the flexural strength, assuming a linear behaviour to failure,
which is found to be constant with volume fraction. Alternative inter*-
pretation to Kies are that failure occurs due to a stress concentration
at a single fibre, or by a strength of materials approach. The
experimental stress concentration factor (SCF) is 2.5 which is between the
values predicted by Goodier(213)for a cylindrical void (3*0) and a rigp-d
cylinder (1.4 6 ). As in previous cases the bulk resin properties may not
give a satisfactory estimate of in the composite. Broutman and
Saha(214) obtained a SCF value of 1.6 7 from a finite element programme.
(c ) Energy Absorption
The energy term WP can be predicted quite accurately by the strain
energy at failure as shown in column 12, figure 112. The WS energy varied
little with volume fraction but the difference (WS—WP) does increase with
volume fraction with an approximately square dependence on T^. The strain
energy for progressive failure, in column 13, did not correlate well with
WS. The prediction of WS probably requires a model to represent the
bending and tear—out of misaligned fibres. Fracturegraphic observations
suggested that fibre failure did not occur.
7»4* The Effect of Resin Properties
7*4«1• Longitudinal Specimens (l)
(a) Flexural Modulus
The short beam apparent flexural modulus fell with increasing
plasticisation with a very low value recorded for the 20/80 resin
composites. The predicted modulus (E ) from the mixtures rule is shownc
in Figure 114 to be essentially independent of the stiffness of the resin,
as confirmed by the results of the long beam tests. The variation in the
predicted results is mainly a result of the variation in volume fraction.
The ratio of Ec/g ^ has been calculated from the E^ given above, and the
value of G was obtained from the ratio of G /g for the actual volume c ■ t . ■ o' m
fraction obtained from reference 215* The factors G /G varied from 3-0■■-. . . . o' m
40/60 resins as shown in Figure 114- The E /G ratio for the 20/80 resinG G
of 2.5 x 103 was inconsistent and predicted excessive shear deflection.
The corrected results following section 6.1 for the modulus, except 20/80
resin composites, gave good agreement with the theoretical predictions.
Good agreement would he obtained for the 20/80 resin if the predicted
shear modulus for the composite (G ) was increased from 0.0185 to 0.162 
2
GN/m , which considering the constrained situation etc., and the estimated 
value of v used to derive Gm is distinctly possible.
(b) Flexural Strength
Compression damage above the loading points was observed in 
specimens for each resin type. The proportion of the cross—section failing 
in compression tended to increase, with a concurrent fall in the apparent 
flexural strength, as the resin plasticity was increased. As with previous 
glass fibre composites it was not possible to measure fu f accurately but 
estimated values were obtained as given in Figure 114- These values of u 
resulted in the true flexural strength being from 1 .61 to 6 .7 8 times
the apparent flexural strength. The effective fibre stress at 6"^  for 
the 20/80 resin was only 1270 MN/m and confirmed the absence of tensile 
failure in this material. As the resin plasticity was decreased the fibre 
stress increased to a maximum value of 2773 MU/m^ for the 100/0 resin.
This increase could, following Rosen (c.f. section 2.4»1*) be attributed 
to a decrease in the ineffective length. Also given in Figure 114 is the 
calculated compression stress. This stress fell with increasing plasticity 
and suggested that the compression strength fell due to a reduction in the 
fibre support as suggested by Greszczuk(96). This fall in strength was 
confirmed by the fall in the proportionality limit strain and by some 
trial compression tests, conducted as in 7*3., which recorded strengths 
of 8 4 0, 9 0 2, 6 4 1, 410 and 30 Mtr/m for resins of increasing plasticity. 
These later results were higher than the apparent flexural, and limit, 
stress suggesting that failure on the compression face occurred due to a 
stress concentration at the loading point.
Resin Type 100/0 80/20
j
60/40  40/60 20/80
Resin Youngs? 
Modulus GN/m 3 .4 7 2.96 2 .34' 1.67 0.016
Resin Shear p 
Modulus GN/m ,1 .?5 1.05  j O.85  j 0.60 0.005
Flhre Volume 
Fraction 0.48
■
O.415 0.38 O.42 0 .455
Apparent Flexural I 90 q 
Modulus GN/m j ^ 25.8 19*5 19 .4 4-3
i
Predicted Flexural | . 
Modulus GN/m j 3 1 .6 28.8 3 1 .2 32.8
g /gc' m 3 .9 3 .35 3 .0 3 .35 3 .70
"^pred^pred 7 .45 9 .0 11.29 15-5 (2.5x103 )
% Shear 
Deflection 19.8 22.9 27 3 3 .9 (9 9 )
Corrected Flexural 
Modulus GN/m 36.1 3 3 .5  J 26.8 29.3 (4 3 3 )
Apparent Flexural 
Strength MN/m ■919 . 777 j 535 349 85
Estimated Value 
of *u* 0.45 O.45  | O.55 
I
0.70 0 .90
01 MN/m2 1372
!
1093 | 868
!
824 576
cy 11 M / m 2 453
i
404 j 255 145 30 -.«■
crf,! M / m 2 2773 2577
'
2224 1960 1270
PIG. 114 Prediction of Flexural Stiffness and Strength for
Different Resin Composites.
model given in section 6.2 with s/d =10. The material characterisation data 
points plotted in figure 115(a) were obtained by using both the calculated 
compression stress at failure (%") — closed points and the trial 
experimental results reported above (open points). The closed points all 
fell well within the compression failure region in agreement with the 
observed failure modes. The progression of the data points across the 
diagram with increasing degree of plasticisation predicted that compression 
failure became increasingly favourable and delamination failure increasingly 
unlikely. Delamination failures were predicted by the open points for 
100/0 and 80/20 resins, the remaining open points were again in the 
compression failure region. The failure mode transition lines have been 
redrawn to include the 100/0 and 80/20 points in the compression region 
without altering the relationship between the tension and shear strengths. 
The redrawn failure regions, shown by the dotted lines, are equivalent to 
a compression stress 57$ greater than the tension or shear (X20) strength.
So that an equation of the form of 40("b)? rather than equation 40? should 
be used to construct the failure prediction diagram.
(c) Energy Absorption
The stored energy at the peak load (WP)'was predicted reasonably' 
well by column 3, Figure 116, based on tf-p* The higher degree of non­
linear behaviour in 40/60 and 20/80 resin composites compared to previous 
Gomposites, resulted in a poorer agreement. The use of a secant modulus . 
etc (see 7 * 0  would be expected to improve the correlation.
The total energy (WS) has been predicted in column 4 from ^
and values which increasingly overestimated the experimental results were
obtained. These results have been corrected (in parenthesis) by the factor 
"2
(1 — u ) and resulted in excellent agreement. In common with section 7.3? 
equation 48 not result in good agreement with experimental results.
Two predictions were based on fibre properties, cr_/T obtained 
from Figure 114; ^he catastrophic failure (column 6) gave reasonable
CM ;^<^ Equation [58] 
ion [2 ]
Equation [57]
Experimental results
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(b.) Comparison of theoretical and experimental results
for the transverse modulus
Shear (x20)strength ratio Resin type
1 0 0 / 0  □  ■ 
8 0 /2 0 0  •
6 0 /4 0  a  ▲
4 0 /6 0  v  ▼
2 O /8 O 0  ♦
Open points 
experimental 
compression strength 
.Close points = ac
Compres
failure
Tension 
failure
Shear
Compression strength 
ra tio
Tension Strength 
ratio
(a ) Diagram for failure prediction for different resin 
composites
Fig. 115
Resin Ifype No 100/0
*
80/20 60/40 40/60 20/80
r3*
WP 1 98.5 7 8.6 52.8 28.1 7.4
ws 2 144-8 98.1 69.1 60.4 37.1
°p2s
18E**
3 83.5 66.8 42.0 17.9 4.7
2
°"t S 
18E**
4 185-4(148.4)
131.8
(101.5)
110.0
(76.7)
139.8
(61.2)
219.7
(41.7)
Equation 48 5 242 149 122 156 555
ft
H
1
V cr*2s f  f
l8Ef
6 145.9 108.9 74.3 83.3 29.0
vtcfs
7 437-7 326.7 222.9 249.9 58.O
Eibre pull-out 
length mm 8 2-5 1.5-3.0 1.4- 2.2 1.0
Interface ? 
Strength MN/m 9 3.3 2.8 3.5 6.3 -
Pull-out 10 321
(177)
327 ■' 
( 180)
239
(108)
147
(44.1)
-
Stress
Relaxation 11 37.6 38.3 28.1 17.2 -
TR
AN
SV
ER
SE
WP 12 0.27 0.30 0.29 O.58 1.00
WS ' 13 0.73 1.08 1.00 1.68 2.00
Op2S
18E**
14 0.26 0.25 0.27 O.46 " 0.71
Op2S
Se **
15 O.72 0.75 O.91 1.58 2.13
except where stated units = kj/m
PIG. 116. Comparison of Theoretical and Experimental Energy 
Absorption for Different Resin Composites.
even if normalised by (1 — u). The use of E ■** instead of EJ7-, would
; a X X
increase both these results by a small amount.
The final predictions are given in column 10 and 11 for the pull- 
out and stress relaxation energy absorption mechanisms. The value of 'V 
(column 9 ) has been calculated from the observed pull-out lengths shown 
in column 8 and the calculated fibre stress in Figure 114* The 4 0 /6 0 resin 
composite was the only material to record a larger value compared to previous 
results for glass fibres, but the region of tension damage was smallest in 
this specimen so that the value of.1 may not be reliable. The interface 
strength could not be calculated for the 20/80 resin as no tensile failure 
was obtained. The pull—out energy were of similar order, but 2—3 times WS. 
Correction of these results, given in parenthesis, by the factor 1 —  u 
improved the correlation. The stress relaxation prediction underpredicted 
both WP and WS.
The best agreement was obtained between WS and column 4 » that is,a 
brittle failure prediction at the true tensile flexure failure stress for 
the complete specimen. Several other predictions also correctly indicated 
the trend obtained with increased resin plasticity (e.g. columns 3, 6, 10,
11) and addition of columns 3 and 11 resulted in reasonable correlation 
with WS.
The slow rate TT specimen tests recorded values of WNS very similar
to, and illustrating the Same trend, as the WS values for the UN specimens.
The impact results for UN specimens recorded a similar trend to the slow
2
rate results with an almost constant differential of 160 kj/m . The actual 
ratio increased with increasing plasticity content as follows:
Resin Type 100/0 80/20 6 0 /4 0 4 0 /6 0 2 0 /8 0
ws-ir/ws-sr 2 .1 1 2.72 3.12 3.58 5.4
SR-Fibre strength . 
MN/m
2773 2577 2224 1960 1270
IR-Fibre Strength 
m / m 2
4028 4250 3928 3708 2948
Now if the increased energy is assumed to he due to the increase 
in the strength of the fibres (equivalent to the composite strength) to the 
square power, it is possible to calculate the effective impact rate tensile 
strengths of the fibres. The increased fibre strength, with a greater 
strain rate effect for the heavily plasticised resin composites, is not 
unexpected in view of the results presented in section 6 .5 .
7*4*2. Transverse Specimens (t)
(a) Flexural Modulus
The results of the tests for transverse specimens and unreinforced 
resins are given in Figure 117, together with their ratio for each property. 
It is of interest to note the higher degree of modulus reinforcement 
obtained for the 2 0 /8 0 resin in support of the above suggestion concerning 
the resin response in.the composite. The remainder of this series show a 
more consistent and slightly low degree of reinforcement. The experimental 
results are compared in Figure 115(b) with predictions based on the three 
equations (2, 57? 58) considered in 7*3(a). The 20/80 resin composite 
result agreed with the rule of mixtures prediction and the IOO/O resin 
composite agreed well with the Halpin and Tsai, and Ekvall predictions.
These last two predictions give very similar results for = 0.43 (c.f. 
Figure 113(a)). The 80/20, 6 0 /4 0 and J[0/60 resin composites gave results 
intermediate between these last two predictions and the rule of mixtures 
prediction (N.B. a constant volume fraction of 0.43 was used for the 
theoretical predictions).
(b ) Flexural Strength and Failure Strain
The embrittlement of the resin strength properties was again
considered on the basis of the Ides strain concentration criteria(8 l ).
The .predicted results ( ^m/ 8 .^) for the experimental modular ratios
(E»/e  ) and volume fractions for each material were much lower than the i m •
experimental results. That is, higher failure strains were predicted, :
for the composite. The Kies equations were used in reverse to predict 
the volume fraction resulting in the experimental results. For the IOO/O
Resin Type 100/0 80/20 60/40 40/60 20/80
P
<T m / m  m 7
99.6 110 77 61 1-7-‘ «
E m / m 2 m 7 3.47
'2.96 2.34 1.67 0.016
£ #m
2.8 6.32 8.56 22 26.2
Vf 0.48 O.42 0.38 O.42 0.455
O/ m / m 2 27.8 22.2 20.2 | 24.2 5-2
E^ GN/m2 9.79 6.29 4.83 j 3.66 0.11
. e; % 0.34 O.46 0.49 | 0.90
I
8.2
V W 3.58 4-95
I
3.81 j 2.52
I
0.32
e//et7 m
2.82 2.13
I
2.06 | 2.19 6.9O
£ / e+m7 t 8.35 13.8
{ .
17.4 I 8.73 3.18
E, /E f m 20.8 24.3 30.2 j 43.1 4.5x103
Predicted
£, / 4
3.24 2.84
I
2.61 j 2.94 3.5
Predicted O.78 O.85 0.86 | O.74 0.43
Predicted £
/o m
1.08 1.30
I
1.28 | 2.63 28.81
FIG. 117. Experimental and Predicted Mechanical Properties 
of Transverse Different Resin Composites.
to 0 U / 4 U  resins tne preaictea v^'s suggestea tnat iaimre occurred in 
local regions of high volume fraction, approaching theoretical packing ' 
for a hexagonal array. In the case of the 20/80 resin good agreement was 
obtained with the experimental This later material was the only resin
to record a higher strength when transversely reinforced which again supports 
a change in resin properties when in the composite. The experimental and 
theoretical values of would he in better agreement if a high rate
value of 6^ was used as suggested in 7«3(b). The necessary value of 
to obtain agreement has been predicted as shown in Figure 117 and apart 
from the 20/80 resin these results appear perfectly feasible. The actual 
test rate increase would depend directly on the modular ratio for each 
resin composite. Excluding the 20/80 resin the ratios for c a r e
higher than theoretical predictions. It should be noted that transverse 
properties can be expected to be particularly effected by fabrication 
defects such as voids and unwetted—fibre bundles. !
(c) Energy Absorption
In this series of tests the stored strain energy at failure column 
14, Figure 116, gave a good correlation with WP (column 12). The pro­
gressive failure prediction (column 15) resulted in good agreement with. WS, 
so that difference in the tearnout characteristics of misaligned fibres for 
different resins was related to the ultimate failure conditions.
7*5* Evaluation of Commercial Laminates
(a) Flexural Modulus
The apparent flexural moduli for short beam specimens were lower 
than both the long beam results and the manufacturers data. The modulus
correction factor is dependent on the value of E /G for each material.c c
As the alignment, length and volume fraction of fibres was progressively 
reduced from the aligned/epoxy material via the 0°/90° crossply and 0°/90° 
woven fabric to the 2-D random chopped strand mats a fall in Youngs modulus 
would be expected following the discussion in section 2.3. For instance, 
the rule of mixtures gives for the aligned/epoxy material a Youngs modulus 
equal to rv 48 Gh/m^, while for the mat/polyester material, assuming an
m —plane fibre efficiency of 1/3rcL and a iibre lengtn mucn greater tnan
2
1 , a value of ^ 9  GN/m is predicted. The value of G for these c
materials has not "been reported, hut large variations would not he 
expected for the Indirection specimens with the resin rich planes between 
laminae. For — direction laminates high values of G would he expected 
as a proportion of the fibre are now aligned transverse to the shear 
plane. The largest correction factor would be expected for the longitudinal/ 
epoxy, which has the highest anisotropy; so that for S/d = 6 and E /GC G
-v 12 Figure 100(a) predicts a correction factor of 1.4- This correction
factor is not sufficient to obtain agreement with theoretical predictions.
The protecting surface weaves which are in the highest stressed volume of
the beam will reduce the theoretical modulus to a small degree. Errors
due to indentation can be expected to vary with material type. The
correction factor for the remaining materials will decrease with
decreasing anisotropy (E /g ).c c
(b ) Flexural Strength 
Within this series of tests several failure modes or combination of 
failure modes were observed. In order to apply the analysis given in 
section 6 .2. the compression strength of 6 .4mm x 6.4mm x 10mm high samples 
of each material were tested. The results obtained were as follows:
Material 22CE 33ME 33MP XE6 XE5/l XE5/t
S t r e n ^ M / * 2 126 241 174 : 480 ; 608 -131
The XE6 (cross—ply) material failed by longitudinal splitting so that
the strength for the flexure test stress distribution may be greater than 
2
480 MN/m . In order to determine the material characterisation data 
points, shown in Figure 118(a), the experimental long beam flexure
strength (Figure 8 7 ) were taken as the appropriate tensile strength as
this was the only full set of data for each material and direction tested.
The direct shear strength used (multiplied by 12 for these specimens of
S/d = 6 ) is also given in Figure 8 7. Several of these results for
Shear (x l2 )strength 
ratio
Laminate type 
and direction
l - M  (-) 
22CE • o
33 ME ■ □
33 MP A A
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Fig. 118 Diagrams for failure prediction for commercial 
laminates
*■* LLlX cO b JLUIX J-cUUXllcJ/U CJO WCX CJ lUiliXiiiUiU VCtJLUCto Cto OlltZdJL ldlXUXCto were I1UI;
obtained. In this case as 12X the minimum value was much greater than 
the other two failure stresses the ternary, diagram can he reduced to a 
binary model along the compression—tension axis. For equal stresses on 
"both faces of the beam this gxis can be divided into equal tension and 
compression failure regions as shown in figure 118(b). The predicted and 
observed failure modes are considered below for each material, specimen 
type, laminate direction and test direction. Data points for laminates 
tested.in both directions are plotted in either Figure 118(a) or (b).
1(a) Weave/epoxy, J_ direction: The compression failure was correctly
predicted by the relatively low compression strength. The compression 
specimen failed by the same 45° shear—buckling failure as the flexure 
beam. The failure stress of 126 MN/m was reasonably close to the pro— 
portionality limit stress of 162 MN/m . The direct shear strength is 
very close to the I.L. shear stress at failure, Figure 90r so that inter- 
laminar failures can be expected as a secondary failure mode. The buckling 
of the individual laminae, and delamination failures, was sufficient to 
allow the specimen to pass through the jig without a transverse fracture 
occurring. In long beam specimens compression failure would again be 
expected and was observed to be a 45° shear band of compression buckling.
As the shear stress is lower in the long beam shear failures are correctly 
predicted to be absent but for this specimen the prior damage did not 
increase the flexibility of the specimen so that a condition was reached 
for tension failure of the beam. The effect of notches in ST.specimens 
also reduced the S/d ratio so that a failure similar to a long beam would 
be expected in the absence of notch sensitivity. The experimental results 
recorded a reduced volume of compression damage but this may be partly 
due to specimen constraints on the development of the damage.' Further 
evidence is required to assess whether this material is notch sensitive.
The effect of the higher rate is likely to encourage delamination failures, 
discourage tension failures and possibly increase slightly the compression 
strength due to the higher resin stiffness.
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delamination failures so that the model given in 118(h) was employed 
and predicted a compression failure to he followed by tension failure.
As only buckling failure at 45° occurs, the specimen failed finally in 
tension before passing through the jig. Neither the effect of specimen 
condition or test rate would be expected, as recorded in 5.5? influence 
the mode of failure.
2(a) Mat /epoxy. Jl direction: The data point for this material was
predicted to be in the tension failure region, in accordance with the 
experimental observations. No effect of specimen type or test rate would 
be expected on the failure mode and the similarity of energy absorption 
in all impact tests suggested a lack of notch sensitivity.
2(b) Mat /epoxy, — direction; The high shear strength in this direction 
excludes delamination failures and the tension failure noted in all cases 
was correctly predicted in Figure 1l8(b )(ii ). ;
3(a) Mat/polyester. JL direction: A tension initiated failure was
predicted by the data point for this material in Figure 1l8(b)(i). No 
effect of specimen type was predicted. The data point was close to the 
tension/compression transition line, so that the buckling/shear failure 
found in impact specimens, and in compression tests, would be expected 
if the tension strength increased preferential with increased strain rate. 
3(b) Mat/polyester. — direction: A tension failure was again predicted
by the data point, and the higher shear strength and from the failure mode 
of the compression test, compression strength make the failure mode 
unlikely to change with test fate.
4(a) Crossply/epoxy, J, direction: The data point for this material 
predicted a compression failure but was close to the compression/delamination 
failure mode transition. So that the increasing load applied following a 
stable, compression failure may cause a delamination failure to occur.
The I.L. shear stress at failure agrees well .with the direct shear strength 
given in Figure 8 7. In actual practice the failure of the 90° layers by
transverse microcracking(.216; which occurs at a tension stress less than 
the ultimate tensile failure stress may provide nucleation sites for 
delamination failures. Long beam specimens were predicted to suppress 
the delamination failures. ST specimens were predicted to delaminate at 
the notch tip as was observed. Delamination failures were expected in 
TT specimens but the loiter effective S/d ratio of a notch insensitive ST 
specimen would be expected to prevent these failures occurring unless 
initiated by transverse microcracking.
4(b) Crossply/epoxy, — direction; As the shear strength was much higher 
in this direction, a flexural failure was predicted to occur by compression 
failure followed by tension failure. This failure mode was observed for 
all specimen types and test rates.
5(a) Longitudinal aligned/epoxy» J-. direction: The data point in this
case predicted a shear failure and the close proximity to the compression • 
failure region suggested that this failure would also be observed before 
final-tensile failure occurred. In actual practice compression failure 
occurred first which can be assumed as previously to be due to a higher 
stress concentration on the compression face of the beam. A 30^ $ increase 
would be necessary to modify the basic model in order to predict a compression 
failure mode. The I.L. shear stress at failure was greater than the 
measured direct shear stress. Delamination failures would be less 
favourable in long beam and ST specimens. ST specimens were predicted to 
delaminate as observed in Figure 96. Following delamination, a compression 
initiated failure was expected. At impact rates the shear failure stress 
would be expected to increase less than the tension,and possibly the 
compression stress,so that a higher number of delaminations in these 
specimens was to be expected.
5C°) Longitudinal aligned/^'poxy* — direction: Although the shear stress
was not much greater for these directions the surface weave prevented in 
UN specimens and restricted to a short length in ST specimens, delamination 
cracks. The failure mode for all specimen and test conditions’ was then .
correctly predicted to "be. a compression initiated compression/tension 
failure.
6. Transverse aligned/epoxy, JL and — direction: In both cases a
■brittle tensile failure was correctly predicted, which will "be independent 
of specimen condition and test rate.
The recorded flexural strength can he corrected as previously for 
prior compression damage in longitudinal/epoxy/l specimens. The value
2
of u was estimated to he approximately 0.5* Thus for CTp = 621 MN/m ,
2= 1531 M / m  and the effective fibre stress at failure equals approx—
"C
’ 2imately 25OO M / m  . This value is very close to that obtained for the
o
80/20 resin composites (i.e. 2577 M / m  ) in Figure 114- The 80/20 resin 
was characterised by similar mechanical properties as the resin in the 
longitudinal/epoxy laminate (manufacturers confidential information).
The effect of the four point loading on the failure mode is mainly 
restricted to the compression and shear failures. The use of twin centre 
loading points does not appear to increase the condition for failure on 
the compression face hut produces a further zone of concentrated com­
pression damage. For a constant flexural stress a higher load is applied 
in a four—point test, compared to a three—point test, so that the resultant 
I*L. shear stress is also increased. This relative increase in I#L. shear . 
stress encourages delamination failure in materials close to the failure 
mode transition line such as the mat/epoxy laminate.
(c) Energy Ah sorption: The WL energy is shown in Figure 119 to he
predicted satisfactorily hy the stored strain energy at CJZ- (column 4 )- 
The prediction hased on 0"^  for the WS energy is shown in columns 5 and 
6 for brittle and progressive failures at CTp respectively. The under- 
predictions in column 5 are a measure of the non—linearity of the specimen, 
and following section 7»1« the use of a secant modulus would he expected 
to improve the correlation. In most cases column 6 predicted a value
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greater than WS that can he taken as a maximum for the material. Some 
materials, in particular 22CE, the failure mode was initially non— 
catastrophic and allowed considerable energy absorption by a stable • 
buckling of the laminae. No facility exists for predicting the energy 
absorption for this failure mode. Predictions for fibre pull—out and 
stress relaxation have not been attempted as these predictions were not 
compatible with the observed failure modes.
Interpretation of the notch sensitivities given in Figure 88 is 
complicated by the observed failure modes. The effect of the geometry, 
see chapter 8, may have more influence than the presence of the notch.
A fall in the recorded values for the transverse/epoxy materials would be 
expected as the surface weave was removed in cutting the notch. The notch 
ratios of 0.25 agree well with the ratio of WP/WS (0.32 and 0.26) for 
SR/UN specimens. It was noted in 5»5» that the energy absorption ;(WS—WP) 
was due to the unbroken surface weaves► For materials falling by a 
compression initiated failure mode a higher value for WS would be predicted 
by the use of a composite strength equal to CT or O n .  To obtain an
u X I
accurate prediction of the weave/epoxy the failure mode may need to be 
analysed as a buckling structure.
CHAPTER EIGHT
DISCUSSION
8.0 Introduction
In this chapter the different series of experimental tests are 
drawn together to-present a coherent framework for the assessment of 
the impact performance of fibre reinforced plastics as recorded by the 
Charpy impact test. This framework is presented in several stages.
In the first section (8.1) the linear-elastic response and regimes of 
failure modes are considered. The strength of the interface is 
considered in the next section (8.2) prior to the assessment of the mechanisms 
of energy absorption,(8 .3). The effect of specimen and material parameters 
on impact performance Is summarised in the fourth section (8 .4 )•
In the final two sections the wider Implications of the Charpy 
test method are considered. In the fifth section (8 .5) the requirements 
for the assessment of impact performance, and the effectiveness of the 
Charpy test in satisfying these requirements is considered. In the final 
section (8.6) consideration is given to methods of improving Charpy 
tests, and an alternative technique to obtain in more detail the required 
data is proposed.
8.1 Specimen Response in Short Beam Flexure
8.1.1 Linear-Elastic Behaviour
It has been shown in chapters .6 and 7 that the initial response 
of the specimen in the impact-flexure jig could be interpreted in terms 
of the normal strength and stiffness properties of the material under 
test providing due consideration was given to the test geometry.
It was also shown for the impact tests that the failure modes etc were 
not substantially affected by the higher test rate. So that, initially a 
static response is considered and the effect of test rate is assessed 
at a later stage (8 .4 ). FIexure-impact tests, both Charpy and Izod,
are conducted on specimens of low span-t0-depth ratio as shown "in the 
following tahle for standard test procedures* It should he noted that 
the effective ratio (i.e. equivalent 3-pt flexure heam as Izod specimen 
is a cantilever heam) for the BS Izod specimens is particularly low*
Test Method Span-to-depth Ratio (*V&)
Unnotched Notched
BS 2782 Method 306A - Izod 3*5 4*35
" 306D - Charpy 7*0
tf 306E - Charpy 10*4
ASTM D.256 Izod 8.0 10.0
Charpy 6.0 10.5
These ratios tend towards those recommended for short heam
interlaminar shear tests. Although these specimens are referred to 
as short, a more correct description of their geometry would he fat, 
stuhhy or thick. Conversely, long beams should he described as slender 
or thin. That is, it is the relative geometry and not the absolute 
length that is important in controlling the initial specimen response.
It should he noted that apart from any stress concentration arising
■ ■ S ;'
from the notch, its presence has resulted in a higher ratio for the
remaining section of the heam.
The initial linear-elastic response of the specimen was found to
he very dependent on the shear strain deflection of the beam. The
correction procedure outlined in 6 .1 allowed good agreement between
S 'experimental and theoretical results for specimens tested at = 1 2.
sFor tests at = 6 , particularly for the. more highly anisotropic 
materials, the corrected results were still lower than theoretical 
results. In figure 120 the apparent moduli for $0 mm wide plates of 
the materials used in 5 *1» obtained in 3-pt bend at spans of 3 0, 60 
and 100 mm, with 20 mm diameter loading anvils, .are given. The results
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are plotted as a function of as the IMS plate was tested at. half­
depth rather than at half-breadth as in 5*1 • Hie result ., obtained in
5.1 for the HMS fibre composite is also given in this figure* It is 
of particular interest to note that because of the high anisotropy 
present in composites fabricated from high modulus fibres, that the
CJ /  .
wide range and high absolute values of stiffness properties at high 
ratios was reduced to a much smaller range and much lower absolute values
sat low ratios (i.e* in thick beam)*
The Youngs modulus for HMS and HTS fibre composites was measured
...... • - • 2
by Dean (21T) using an ultrasonic tank technique (218) to be 135 GN/m
2
and 73 GN/m • These results have been used to reverse the procedure 
given in 6*1 to calculate the Ec/Gc ratios resulting in the necessary 
correction for the data given in figure 120* The Ec/g c values were 
higher than those assumed in 7*1* The difference could be attributed 
to several factors; the need for a more accurate theory for the deflection 
of anisotropic materials including the necessary shear corrections 
particularly for off-axis laminates as suggested by Whitney (219) and 
others, the need to include transverse normal stresses and indentation 
of the loading point and an allowance for the low shear properties of 
carbon and Kevlar fibres particularly under local indentation* In
CJ
addition as noted in 6.1(b) the load increased with reduction in 
ratio, conversely the deflection x-jas reduced. Inspection of the 
equations in figure 28 showed that if the ratio was reduced to a 
third of its previous value, that the deflection was reduced by l/27idi 
at a constant load and by l/9th at a constant stress of its initial 
value. Thus,the results obtained depended more critically on the 
accuracy of the deflection measurements, including in this case the 
accuracy of the two constant speed motors used to calculate specimen 
deflection from chart movement.
A recent paper (220) considered transverse stresses in hybrid 
systems but obtained a shear correction factor by matching the experi­
mental and theoretical moduli. It was also suggested that a Charpy 
. test on an identical specimen had a modulus of only the static flexure 
test. If anything,the anisotropy should decrease with increased test 
rate so that the apparent modulus would increase. The lower apparent 
modulus in this case would appear to be associated with a higher frame 
deflection and/or loading point indentation.
8.1.2 Prediction of Failure Modes
This region of linear-elastic response was terminated in these 
specimens by the occurrence of final fracture, or non-catastrophic 
microdamage• Tensile microfailures occur in materials with non-aligned 
fibres (eg mats, fabrics, cross-plys) and the likelihood of this being 
the first failure to occur can be obtained from the predictive model 
by using the appropriate failure conditions. It has been shown by 
Sims (216) that transverse microfailures at the fibre-matrix interface 
occur at a low percentage of the ultimate tensile failure load, and 
that the number of such failures increased with increasing load. In 
the cross-ply/epoxy material the failure' strain for microfailures is 
just less than the failure strain for delamination so that the small 
number of cracks in the 90° layer was to be expected. This type of . 
damage can propagate along interlaminar boundaries and may reduce the 
shear failure stress by acting as a Mode II crack. Other microfailures 
such as isolated fibre breaks, or microbuckling can be considered as 
the initial stages of the final fracture of the specimen.
It was found in chapter 7 that the failure prediction model 
developed in 6.2 was very successful in explaining the observed failure 
modes. The tensile and shear strength data can be used for all the 
test series to predict the critical ratio of these strengths below 
which a transverse "brittle" failure will propagate at a notch tip.
In .'f igure 121 the- material data points are plotted as a function of the 
direct shear strength (corrected) and the tensile strength (either c?^ 
or as available). Closed points are for specimens which fail in
a notch-sensitive manner (i.e. brittle tensile crack) when in the 
unnotched or ST notched condition. Notch sensitivity in ST specimens 
was apparent from the fall in absorbed energy, eg HTS, and the absence 
of delaminations at the notch tip. It is possible to draw the line 
0Af separating regions of notch sensitive and notch insensitive 
behaviour. To obtain the maximum accuracy more points are required 
in the transition region, particularly for different surface treatments in a 
single system. Nevertheless the line 0A* completely separates the 
different failure modes and has a slope of 11.26, in excellent agree­
ment with Gilliard’s value for anisotropic materials. It would have 
perhaps been expected that the slope would vary with material anisotropy 
but further data is required to check any possible trend. This 
analysis enables the difference between good and bad bonding to be 
quantified, that is, the shear strength must be at least equal to the 
composite tensile strength/i 1.26 and the required shear strength will 
increase with both fibre strength and volume fraction. This analysis 
supports the observed difficulty of propagating cracks perpendicular 
to the fibre direction in high volume fraction aligned composites.
At this stage it is worthwhile to consider the use of these models 
with other published data. Bader et al.(111) have reported additional 
data for the materials used in their impact test programme. Shear 
strengths measured by . direct shear and interlaminar shear methods 
were reported. Unfortunately the absolute results and trends given by 
these two methods were not always consistent for all fibre types.
In addition torsion shear measurements (22l) on similar materials gave, 
in some instances, further trends. For instance, for HMS fibre 
composites the effect of increasing the was an increased strength
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in the I.L.S. test, a constant strength in the direct shear test and 
a decreased strength in the torsion test. The results for other 
fibres were less diverse. Bader et al, compared the I.L.S.S. with 
a ductility index and failure modes. For instance, progressive and 
■brittle/progressive failures were associated with I.L.S.S. of 50 
85 MB’/m • But if the direct shear results are considered (corrected 
according to reference 163 hy assuming k = 0,4 and a gauge length-to- 
notch depth ratio measured as 2*5) a much narrower range of 52 to 
57*6 M / m  is obtained. Two brittle failures, normally considered to 
be associated with high shear strengths, were associated with corrected 
direct shear strengths of 80 and 48 MB'/m . Multiple shear and 
progressive/multiple shear failures were associated with direct shear 
strengths of less than 40 MB’/m •
To predict the failure mode using the models developed in this 
work the relative strengths rather than absolute values are required.
In reference 111 the flexural strength only is given with no indication 
of the failure mode. As the recorded flexural strengths were lower 
than the predicted tensile strength, particularly at high and
for Type I and I-r-S (i.e. HM and HMS) fibres, compression-initiated failure 
can be suspected. The ratio of the flexural strength divided by the 
three shear strengths (I.L.S.S., direct shear, and corrected direct 
shear) has been calculated for these results. For /^ = 5 the 
critical ratio for shear-to-flexure failure transition is 10. In all 
cases values greater than 10 were obtained, so that shear failures 
were predicted in all cases and no correlation was obtained with the 
observed failure mode. For instance, lower values were recorded for 
the progressive failure of I-S, than for the brittle failure of IV-S 
composites. The failure of the model could be due to the doubt that 
exists over both the flexural and shear strengths. If compression 
failures did occur in the slender beams, then the recorded strength can
■be expected to be higher than the thick beam failure stress* ■ -Tension 
and compression strengths were given in reference 129., and the lower 
compression strengths would predict the flexural strength to be lower 
than the tensile strength, as observed* The relative tension, 
compression and I.L.S. strengths would predict, following 6.2, compression 
initiated failures in thick beams, and the delamination of notch tips as 
observed.
8.1.3 Prediction of the Failure Strengths
The effectiveness of the predictive model can be seen to depend 
on the appropriateness of the failure strengths employed. The 
difficulty of specifying the shear strengths is apparent from the 
above discussion. The increased shear strength recorded by the I.L.S. 
test (111) may reflect the effect of higher flexural failure strength 
recorded by non-shear failures. It has also been shown that the I.L.S.
sstrength depended on the ratio even for shear failures (222), and 
that when shear failures were not obtained the shear stress at failure 
did not necessarily represent a minimum shear strength (223). Bader 
et al. (111) reported that several of the short beam shear tests did 
not fail in shear. The reporting of results for non-shear failures is 
not to be recommended. It was observed in this work that in many cases 
the delamination failure •occurred at the root of the rapidly propagating 
initial compression crack. So that the shear failure depended on the 
extent of the initial compression crack.
The tensilei failure stress of the beam appeared to be directly 
dependent on the average fibre failure stress but it has been shown 
that the efficiency of fibre utilisation can be very variable (20 4)*
The prediction of the stress for failure of the compression face of
the beam is additionally complicated from the uniaxial stress state by
the effect of the loading anvil. In this work insufficient evidence
was obtained to predict the true compression strength but several trends were
observed, for the compression-flexure failure. The failure stress increased 
with increasing resin modulus, with increasing shear strength and with 
decreasing fibre anisotropy# Some additional evidence for this 
failure mode has been obtained by observing the polished surface of a 
standard specimen.in a loading jig, identical to the impact jig, mounted 
on an optical microscope base plate# The deformation was followed as 
an increasing uncalibrated load was a p p l i e d # :
The unloaded sample is shown in figure 122(a). The first effect 
of the applied load was the debonding shown in figure 122(b) just to 
the side of the centre-line of the 3.2 m radius loading anvil (P = -^j)* 
Continued loading (P= P^) resulted in two fairly symmetrical debonded zones 
about the centre-line, figure 122(c). These zones are progressively 
magnified in figures 122(d) and (e), and show that each debonded zone 
consists of a kink band with fibres at ~ 5° 1° their original direction. 
Detailed examination showed that fracture of the fibres occurred at the 
edge of the kink zone due to the high bending stresses. The similarity 
of this failure mode , to the indentation on a fully supported sample 
is shown in figure 122(f) for a new position on the same specimen as 
above. In the case of this fully supported specimen the lengths of 
fibre between the debonded bands were multiple fractured into very short 
lengths. The poor focus in figure 122(e) was due to the kink band 
deforming the top surface, i.e. the extrusion noted in chapter five.
The failure process appeared to be a combination of the indentation 
damage and the applied compression-flexural stress. The interface is 
important for its effect on the original degree of debonding, and for 
controlling the final fracture if assumed to occur via an Argon kink 
band nucleated by the misaligned fibres. The kink band would be 
expected to be shorter in well-bonded composites as observed in 5*1•
The fibre properties will be important in controlling the deformation 
possible in the d.ebonded band before failure of the fibres occurs.
(a) Flexure loading, P = zero, x 30
(c) Flexure loading, P = P . x 30
(e) Flexure loading, P = P^. x 103.3 (f) Indentation loading *x 30
FIG. 1 22 - Optical Micrographs of Failure Progression at the Loading Anvil
The shear stiffness and anisotropy of the fibres themselves could be 
important as the kink band involves bending on a small radius. The 
observed failure on the compression edge of a bent Kevlar fibre has 
also been reported for high modulus carbon fibres (224) and is confirmed 
by the observed mixed mode failures as shown in figure 42(e). The kink 
band at ~5° agrees reasonably well with the predicted angles in 
figure 105 calculated to .be required for the Argon—type compression 
failure to occur. This compression microbuckling/shear/kink band 
failure mode appears to be a characteristic of highly anisotropic • 
materials including high modulus carbon fibres.
These compression failures may be particularly important for their 
effect on the residual strength under reversed loading condition as 
Berg and Salama (225) reported that a crack can be propagated transverse 
to the fibres under cyclic compressive stress but not under cyclic 
tensile stress. This effect may explain part of the observed unexpectedly 
large degradation by compression stresses in fatigue testing of GRP.
So that, Sidey and Bradshaw (125) could be considered to be optimistic 
in ignoring the front-surface damage in their ballistic impact tests.
For instance, the commercial laminate XEfj/B (i.e. XE5 minus the surface 
weave) failed in tension when tested in 3~pt bend at = 5 0. When
a prior indentation load was applied to cause a small opaque damage zone 
above the centre loading anvil and then the flexure test conducted, a 
compression failure was obtained at a much lower failure load as shown 
in figure 123(a) • The area under the load-displacement was also 
reduced; particularly as the tension failure specimen failure stress was 
prematurely terminated by the specimen passing through the base of the 
flexure jig (figure 27(b)) with only a small degree of specimen failure.
For an indentation failure mode the diameter of the loading anvil would 
be expected to influence the failure stress. For example, in tests 
on long beams the use of a 5 instead of a 20. mm diameter anvil
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FIG. 123. LOAD-DISPLACEMENT CURVES FOR LONG 
BEAM FLEXURE TESTS.
resulted in compression initiated failures rather than tension-initiated . 
failures. In some cases the failure condition appeared to he border­
line even for the 20 mm diameter anvil,as for the 6 0 /4 0 resin composite 
in 5*4 both failure modes were observed. The marked difference in the 
load-displacement curves is shown in figure 123("b). Noticeable features 
for the compression failure were the earlier and greater deviation from 
linearity, the lower tangent modulus at failure and the final brittle 
failure. ■
The contact pressure is dependent on d 3 for elastic contact (171)• 
For XE5/B laminate the failure load was increased for the standard 
thick beam specimens by the use of less severe loading anvils. The 
failure loads due to a delamination failure for 3 pt/6 .4  mm diameter,
4 pt/standard jig and 3 pt/5 6 mm diameter were 3385, 3532 and 3826 Newtons 
respectively. Only in the last case was no compression damage observed 
prior to the shear failure. If it is assumed that the stress distribution 
was unchanged by the use of the large contact area anvil, the failure
O
load of 3826 Newtons was equivalent to ah I.L.S.S. of 75 MN/m •
Compression failures are not always easy to recognize as they may 
not be associated with a kink band, and for a well-bonded fibre there is 
little difference in the fracture surfaces. In some cases failure 
appears to be simultaneous on both the tensile and compressive face and 
a high-speed photographic recording would be necessary to observe the 
actual progression of failure. There appears to be some fibre fractures 
ahead of the compression failure, so that if the final failure is in 
tension these precracked fibres will result in short fibre pull-out lengths 
immediately above the compression failure zone as observed in figure 72(d). 
This effect would limit the observed pull-out lengths, and result in 
high values for the interface strength. The measurement of the 
interface properties is considered further in the following section.
8.2 Estimation of the Interface Strength
8.2.1 Estimation from Single Fibre Model £
Several of the micro-mechanisms for prediction of energy 
absorption outlined in 3*3 require a value for the interface strength (t ). 
In this section the available test methods (2.2.2) are reconsidered in
the light of the experience gained in this work. The variability and 
validity of the shear strength of bulk composites has been commented on 
previously (2.2.2 and 8.1.2).
As plate tests have not been used, the remaining test methods are 
based on single fibre tests and in particular the pull—out test has 
been used most extensively. This test is normally conducted on a 
single reinforcing ’fibre’. embedded in a relatively massive cylinder of 
resin so that the volume fraction of the test piece is less than 0.01. 
Shrinkage of the resin during curing and/or the differential thermal 
contraction from the post-cure temperature will result in large radial 
compressive stresses at the interface. If these residual stresses are 
considered to be similar to Bowden’s superimposed stress (4 8 ), an effect 
on the measured values of the peak and sliding friction shear stress 
would be expected.
The residual compressive radial stress R ’ due to differential 
thermal contraction can be predicted from, following Timoshenko (171)s-
where AT is the temperature change, d is the fibre diameter, D is
the diameter of the matrix cylinder, v is the matrix Poisson ratiom
and a^, are the coefficients of thermal expansion of the .matrix 
and fibre respectively. The reciprocal of the denominator in this 
equation is a constant for any particular test geometry and varies
M
almost linearly with volume fraction. At 0.01 V^ . it has a value of 
0.73 whereas at volume fractions typical of high performance composites, 
eg 0 .7 0, it has a value of •15 3y and in close packed regions, eg = 0 .9 0, 
it has a value of 0.05* So that the residual compressive stress in 
the single fibre model would be much greater than in a real composite.
Hence, the properties measured in the test would not be applicable to 
the real material and would vary with the volume fraction of the model 
used.
Equation 60 can be used to predict the residual compression stress
in Bowden’s paper. The resin used was the same as the 6 0 /4 0 resin used
o 2
in this work but cured at 100 C. Assumed values were Em = 2*34 GKr/m »
vm = 0 .4 1 , AT = 80 °C and + d^/D^ - d^ equal to 1.02 based, on an
average value of D for the rectangular resin block. The fibre
coefficient of thermal expansion was 11 x 10 ^ per °C, and the value
for the resin varied from 60 - 90 x 10 ^ per °C (manufacturers data).
Substituting these values in equation 60 resulted in a compressive stress
2
of 6.4 - 10.3 MH/m , in good agreement with the residual stress measured
2by Bowden of ~ 7 BOsT/m • If the sliding friction stress at zero applied
2
pressure of 2.88 MIT/m is attributed to this residual pressure of 
2
7 MH/m , a value of 0 .41 is obtained for the coefficient of sliding 
friction. The slope of the corresponding curve for the initial bond 
stress is equal to a friction coefficient of 0*54*
Cooper and Gladman (1 5 6) used similar specimens for a phosphor- 
bronze/epoxy system and again residual compressive stresses can be 
suspected. In fact until the present author pointed out inconsistencies 
in the casting procedure, i.e. heat build-up during casting, these tests 
failed to produce reproducible results. Following the above procedure 
for the same resin but = 17 x 10 ^ per °C and D assumed equal to 
10 d, the residual compressive stress in the pull-out test was predicted 
to be from 5*6 - 9*68 MN/m^; and for the same coefficient of friction, the
2
residual sliding friction stress equalled 2*30 - 3*92 Ml/m • 'Again
2
good agreement was obtained with the measured value of 2 .3 5 MN/m (156 7
without consideration of secondary effect such as resin stress relaxation. 
This later value of t gave good agreement "between the predicted work done 
due to pull-out and the experimental work recorded for composites (156)* 
However, the composites were of a special construction using only five 
fibres so that the average value of D equalled 5*5 d which would 
result in only a 13/o fall in the residual compressive stress. So that 
good agreement would he expected in this case hut not if a high volume 
fraction composite was tested. The value of O.4 I calculated for the 
friction coefficient agrees well with a value of 0.35 quoted for 
laminated plastic on steel (226) and was within the range expected for 
non-metals. The stick-slip mechanism of pull-out frequently reported 
is indicative of mild frictional "behaviour and coefficients of between
0.3 and 0.7 (227)* Differential thermal contraction will generate 
residual longitudinal stresses, hut they only vary by 10^ from 
equal to 0.01 to 0.70. There is also an indirect dependence on the 
length of fibre embedded which would affect results for a series of 
embedded lengths as conventionally undertaken.
Several other difficulties can exist in this test such as,
(a) The effect of meniscus shape on failure, particularly if failure of 
meniscus cone creates a starter crack for interface failure (49)*
(b) Flexure, including crack opening at the interface, in the thin 
resin disc required by small diameter commercial fibres if pull-out 
is to be obtained (4 6 , 49)•
(c) The effect of Poisson contraction (228, 229); particularly the 
difference in Poisson contraction and stress distribution between 
a resin cylinder supported on the fibre exit face and gripped 
remote from the fibre exit face (i.e. face of resin next to fibre 
exit point loaded or unloaded)•
(d) The equivalence of fibre surface if a larger fibre than the 
real material is used
(e) Difference in the resin response in the composite from the response 
in bulk.
Some of these difficulties also relate to compression single fibre 
models.
A particularly important difference between the model and bulk
composites is the absence of neighbouring fibres in the model. So that,
the generation of residual tensile stresses is prevented (2.2.2)• The 
change from a residual compressive to residual tensile stress would 
have a major effect on the predicted response of the composite. The
higher shrinkage of polyester resins compared to epoxy resin may be
part of the reason for the lower bond strength attributed to polyester 
resin based composites due to the higher susceptibility to the generation 
of these tensile stresses. However, Shortall and Yip (230) have
studied in detail the failure of the interface in a glass fibre/polyester
'
system and obtained an interface failure stress of 70 MN/m for both a
compression model test (VII - figure 6) and a short beam shear test
after correcting for the stress concentrations present. This high
interface strength is difficult to reconcile with other reported values
down to 0.9 H / m  (5 0). The I.L.S.S. of the glass fibre/epoxy system
2
in 8 .1 .3  similarly corrected yields a value 9 7• 5 MH/m which is much 
higher than the bulk matrix shear strength.
8.2.2 Estimation from Fracturegraphic Observations
In order to calculate % from the observed pull-out length using 
equation 1 it is necessary to assume a value for the fibre strength. 
Generally the strength for a standard 50 mm gauge length has been 
utilised but in reference 38 a higher value (+ 200^) appropriate to a 
much shorter gauge length,equivalent to the fibre fracture length, was 
used. In addition, although allowance is made for the variation of the
pull—out length from 0 to L /2, no allowance is usually made for-the effectc
of fibre strength distribution on 1 • This may be because the
• ■ O '
equations were developed for metal fibres with more uniform properties.
Providing the effect of a low is recognised in the multiple
fracture of fibres, and a satisfactory value for the fibre strength is 
used the analysis of these tests is relatively straight-forward. (38).
(3U.B. multiple fracture of fibres only occurs below The
analysis of the pulled-out lengths of fibres in fracture surface requires 
considerable care to be exercised. In discontinuous composites 
(i.e. .1 ) where fibres are left bridging the matrix cracks, initiated
by misaligned fibres, or stress concentrations (see 2.2.1), then pull- 
out of the fibre of fibre bundles will occur. In these cases the 
standard equations can be applied but it should be noted that the 
value of t obtained is a maximum value and t could have any value 
down to zero.
In continuous fibre systems consideration must be given to the 
failure mode when interpreting observations of the fibre pull-out 
lengths. Consider first a planar matrix crack bridged by real 
fibres with a length-strength effect. In real composites the debonded 
length is seen to increase with increasing strain, and sequential 
debonding has been occasionally reported in model systems (150)• The 
length of fibre debonded depends on the load carried by the previously 
debonded length of the fibre (i.e. proportional to t )• So that, if 
there is a high residual interface stress the debonded length of fibre 
will be short. The high residual stress in pull-out tests may 
explain the relative absence of reports of sequential debonding failures.
As real fibres have a strength distribution along their lengths 
the pull-out of debonded fibres will depend on the distribution of weak 
points and their position relative to the matrix crack. Cooper and 
Gladman (156) considered a simplified model system representing this
case by taking fibres with uniform weak points spaced at uniform 
distances, and altering separately both the severity of the weak point 
and the distance between these points. The fibres were considered to 
have an intrinsic strength oo and weak points of strength 
spaced x* apart.; The maximum fibre stress in the fibre in the plane 
of the crack is limited by the weak point,' cr^ * and its distance x T 
from the matrix crack as follows:
v = CTf* + lTsx’ C61]
In a real material both a^* and x* have a range of inter­
related values (i.e. as x* increases, higher probability of 
decreasing). The maximum fibre length that can be pulled out is when
a * = zero and o „ = a ; i.e. when x T = 1 /2. That is. a f f o c' 1 .
discontinuous fibre composite with fibres of length 1 • -c
When is greater than zero there is no unique relationship
between the pull-out length and the fibre failure stress at a constant
t  a s  c a n  b e  s e e n  fr o m  e q u a t io n  61 r e w r i t t e n  a s  f o l l o w s :  s
On ■ -  CT *  2 t
  “  = —  [62]
That is, a short pull-out length could indicate small or large
values of (a - a *) and t • So that, if ; x f is measured it - > * o f 7 s 1
is not possible to predict unless (<jq — o^ .*) is known. If o^*
is assumed to equal zero and oq ' to equal the average fibre strength 
then it is possible to considerably over-estimate the true interface 
strength depending on the dispersion of fibre strengths. If there is 
a uniform fibre strength, or if as in a bundle of fibres the length- 
strength effect is effectively removed then as oq — o^* equals zero,
failure of the fibre (bundle) would be expected in the plane of-the 
crack as observed by MeGarry and Mandell ( 231) • It has already been 
indicated that in a sharply bent flexure specimen long pull-out lengths 
of fibre may fracture prematurely during crack opening. (7*2).
In high volume fraction, high performance composites it is not 
possible to propagate a planar matrix crack. The fibres initiate 
failure as < e'm , and whether a planar or irregular fracture follows 
depends on the strength of the interface. Random fibre breaks are 
expected initially in both cases. For a strong interface a failure ■ 
nucleus (i.e. multiple break) develops which leads to rapid propagation 
of a planar crack which will have the effect of forcing unbroken fibres 
to fail close to the crack plane and away from weak points. In the 
case of a weak interface more isolated failures would be expected at 
weak points which link up by shear failures in the matrix parallel to 
the fibres. These two failure modes are illustrated by the HTJ and 
HTS fibre composites in 5*1» where in the strongly bonded composite . 
the failure plane initiated from failed fibres and fracture of the 
remaining fibres occurred away from weak points. The irregular failure 
plane for poorly bonded fibres has also been shown by excellent micro­
graphs in reference 232. This dispersed failure mode results in fibres 
being released by shear cracks eg figure 71(f), and disintegration of 
the matrix. In flexure specimens it was possible to observe small 
explosions of material from the tensile surface if back lighting was 
used to illuminate the specimen.
It is clear from this discussion that test methods for characterising'
interface strength measurements have not been established, and that the
present practice (129) of estimating t from the average pull-out
length in continuous fibre composites may not be acceptable when the 
1
actual failure mode is considered. Shortall and Yip did suggest that 
if stress concentrations are considered consistent values were obtained,
but even in their work no consideration was given to possible - 
residual stresses* It is clear that the value of t used for 
energy prediction must be seriously reconsidered to ensure that the 
agreements obtained with different energy absorption mechanisms are 
not fortuitous. _
8.3 Energy Absorption in. Short Beam Flexure
8*3*1 Classification of Load-Displacement Curves
It was found in chapter 7 that in all cases better correlations 
with the experimentally recorded energy absorptions were obtained from 
analyses based on the strain energy associated with failure than with 
analyses based on the micro-mechanism of energy absorption. The best 
agreement for the micro-mechanisms was obtained in 7*2 when the actual 
length of fibre pull-out was used together with an average value of 
the interface friction stress. It is important to note that there is
no requirement in impact tests for the work done to be totally absorbed
by the specimen in order to obtain a valid result (i.e. for a brittle
failure it is the energy to initiate failure that is important not the
energy for stable crack propagation).
To predict the energy absorbed on the basis of the work done
requires the prediction of the failure mode, as in 8.1.2, and the
construction of the appropriate stress(load)-strain (displacement) 
curves. The predicted curves expected from different failure modes 
are given in figure 124 and are as follows:
Curves A - Tensile Failure, This classically assumed failure mode was 
only identified in the few cases where the tensile strength was 
relatively low, such as large diameter glass fibre/epoxy composites, 
transverse composites and chopped strand mats. These curves can be 
either linear-elastic to failure (curves A(i) and A(iii)), or exhibit 
a small degree of non-linearity due to microfailures (A(ii) and A(iv)). 
The final fracture may be catastrophic (A(i) and A(ii)) or
Curves
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FIG. 124. CLASSIFICATION OF SHORT BEAM 
LOAD-DISPLACEMENT CURVES
non-catastrophic due /to a high crack propagation energy (A(iii)_ and 
A(iv)).
Curve B - Shear Failure, This failure mode was found in materials with 
relatively low shear strengths such as XE6, XE5 and high volume 
fraction aligned composites. Again the curve will he modified if 
microdamage occurs prior to the maximum load, if the delamination 
failures are not symmetrically positioned or do not propagate the full 
length of the beam, and if the delamination cracks are tied by a ’’tough* 
fibre such as Kevlar.
Curves C — Compression Failure, This failure mode was observed in many 
cases and appeared to be associated with high ratios of material 
anisotropy (eg E /G ). For full-size specimens a large deviation
• • C O
prior to the maximum load and a considerable period of stabilised 
crack growth was obtained ( c ( i ) ) .  For half-depth specimens the 
initial crack nucleated was sufficient to initiate after very little 
additional crack growth the final, normally brittle, failure ( c ( i i ) ) .  
Curve D - Complex Failures, Normally the failure mode consisted of 
a combination of the above curves. For instance a possible failure 
mode is shown as curve D in figure 124*" From 0 to A the response is 
linear-elastic, from A to B compression microdamage occurs, leading to 
a delamination failure at B when the load at constant displacement 
drops to B*. The curve from B* to C represents reloading of the 
two reduced section beams until at C after a small degree of further 
compression damage a final progressive tension failure occurs. The 
test is finally terminated at D by the specimen passing through the 
test jig.
As previously noted these curves will also display the effect of • 
the load-train deflection etc.
8.3*2 Prediction of Energy Absorption
(a) Macro-mechanisms
Regardless of the failure modes there was normally a region up 
to the proportionality limit of linear-elastic behaviour. The energy 
stored at the proportionality limit, WL , equals ■§■ . which can
be expressed in terms of-the composite properties (o^ and E**) for the 
test geometry. In this work as o^, E** and WL were obtained from 
the same data the good agreement between theoretical and experimental 
results was to be expected. For a material linear-elastic to failure, 
curves A(i) and (iii), where o^ = Op then this approach also gave 
WP. When a non-linear response occurred prior to the peak load, 
curves A(ii) and (iv), so that o^ < Op it was found that if the 
apparent modulus was reduced by twice the difference between the 
initial tangent modulus and the secant modulus at Op that good 
agreement with WP could be obtained. In the cases of catastrophic 
failure at Op , curves A(i) and (ii), then WP = WS.
The alternative non-catastrophic or progressive failure is shown 
in more detail in figure 125, f°r a ten-layer laminate where failure 
occurs by successive tensile failure of each laminae with no load 
carried by the failed layer. If the number of laminae comprising the 
specimen is increased the smooth dotted curve is ultimately obtained.
Also shown in this figure is the work factor, expressed as a factor of 
the work-to-peak load (i.e. /j^ p) throughout the progressive failure.
In the limit this factor tends to 3 but this full energy is only 
obtained at large displacements (i.e. Ag = 10 Ap)* In practice the 
specimen may become sufficiently flexible to pass through the jig without 
complete transverse fracture occurring. In many cases the energy will 
be limited by the proportion of the specimen that has failed previously 
in compression. Load carried by the failed layers would increase WS , 
but if the load is due to a pull-out mechanism the dependence of the
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load on the square of the embedded length will result in a rapid fall 
in this load with increased crack opening even in the absence of bend 
stress concentrations in the fibre.
An alternative failure mode at ap was delamination. Assuming 
that failure occurs on symmetrically positioned neutral planes allows 
the behaviour of the specimen to be predicted in detail. For a
s
delamination failure to occur in an undamaged beam ( = 6) the shear
strength must be at least less than l/l2th of the lower of the flexure 
failure stresses. If the beam delaminates fully at load P into two 
beams of equal depth .^ / then the load carried at constant displace­
ment is • If the loading of the specimen is continued until
failure again occurs it is found that at a, the flexure failure stress, 
the shear stress must be less than a/24* So that for this case of
the shear strength just less than a/12 a further delamination failure 
will not occur and a final transverse flexure failure is obtained as in 
figure 126(a). Also given in this figure, at the final fracture, is 
the work factor for WS as a function of the work done by a flexural 
failure at load P, and in parenthesis, as a function of the work done 
at the failure load for the first delamination failure.
If a further delamination failure is to be obtained (i.e. into 
four beams), v as above, then the shear strength must be just less than 
a/2 4  which will reduce the first failure load to ^ ^  Similarly 
for a subdivision into eight beams then the shear strength must be just, 
less than a /4 8  which will reduce the first failure load to 
These two cases are shown in figure 126(b) and (c) respectively. In 
both cases there is a fall in the work factor compared to the work done 
at a load P.
These work factors are plotted in figure 126(d) as a function of 
0/ 12t. It is clear that only for a single delaminat ion was the energy 
absorbed greater than for the brittle fracture at load P, and even
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in this case if a progressive failure is taken as the "base factor the 
delamination failure would not predict a higher energy absorption.
The work factor is discontinuous with decreasing shear strength due to 
the effect on the total energy of the change in the initial energy WP 
for each new threshold value of t . The value of 3.10 suggested by 
Bader et al. (111) is equivalent to the value of (3.25) obtained in 
figure 126(c), but it does not represent a favourable condition for 
high energy absorption when compared to failure at a load P.
In practice additional energy absorption may be obtained from the 
final transverse failure though the increasing flexibility of the specimen 
may limit this contribution. . Additionally,the delamination may be 
initiated by prior tension microdamage or compression buckling, it may be 
unsymmetrical, or only occur along part of the length of the specimen 
(particularly in 4“P”t loaded specimens) and the delamination crack 
may be tied. Each case must be considered individually in order to 
predict the total energy absorbed. In the case of XE5 /1 and XE6/j_,
WS was equivalent to the energy predicted to be absorbed by a progressive 
tensile failure at the same failure stress (figure 11 9)*
Compression-initiated failures were found in chapter 7 to be 
adequately predicted by a model based on determining the reduced 
modulus at failure, and formulated as equation 4 8 . In the half-depth 
specimens the initial compression crack developed was a substantial 
proportional of the compression failure region and the resulting 
behaviour curve C(ii) was closer to curve A(iv) than curve C(i). So " 
that as in figure 112, the energy absorbed was predicted to be closest 
to a progressive failure of the remaining tension region of the specimen.
The complex failure case — curve D — has already been considered 
in the above discussion, i.e. it was rare in this work to find only a 
single failure mode present. As in previous cases the prediction of 
the failure mode followed by the prediction of the critical parameters
(E**, cjp, a^, Ap etc) would enable the actual load-displacement. trace 
to be obtained which,on integration of the area beneath the curve, 
would yield directly the energy absorbed.
(b) Micro-mechani sms
The alternative approach to the prediction of energy absorption 
is based on the micro-mechanisms of failure. The brittle fracture of 
the fibres and matrix, as even for a plasticised resin the final fracture 
was relatively brittle, would not be expected to account for significant 
energy absorption. The only failure to show appreciable plastic work 
was the stainless steel fibre failure but the small diameter limited 
the plastic deformation zone to approximately twice the fibre diameter,
i.e. 25 pm. The stress-strain curve for these fibres was linear- 
elastic to failure. Multiple fracture would be expected to increase 
the energy absorption due to the fracture surface energies but m  this 
test geometry the region under a sufficiently high stress was very 
limited. In addition only a small degree of multiple fibre (large diameter 
glass fibres) and matrix cracking (low volume fraction composites) was 
observed in some instances.
The remaining micro-mechanisms are related to the fibre strength 
and stiffness and the interface strength. The similarity of the 
equations deduced for energy absorption by debonding (equation 29) and 
stress relaxation (equation 26) is to be expected in view of the 
dependence of their derivation in both cases on the fibre strain 
energy. Examination of these equations, equation'33 for the pull-out 
mechanism and equation 30 for .debonding at zero residual interface 
shear stress shows that there is a higher dependence on the fibre 
strength than E^, t or Y. Thus the possible variations in o^,
and t , discussed previously will have a very significant effect on 
the predicted energy absorption. The remaining mechanism of interface
surface energy requires a value of y^ but in the absence of this value
has been utilised (152) • This value is likely to be too High for 
poorly bonded composites and the value of y^ may be expected to ■ 
decrease with decreasing t . In equation 31, the predicted energy 
is dependent on and y^/v, so that if y^ is a function of t
the ratio y^/v may not vary significantly between different systems 
and the main dependence will be on Vf°£*
It is clear that all these mechanisms are dependent to increasing 
degrees on the fibre failure stress. Discussion in the literature has 
centered on the relative importance of the pull-out and debonding/stress 
relaxation mechanisms of energy absorption (15O, 233) • In figure 127 
theoretical predictions due to pull-out (equation 33), stress relaxation 
(also representing debonding - equation 26), debonding when t tends 
to zero (i.e. strain energy in length of fibre equal to I where Y 
was approximated by 1 - equation 3 0 ) are given for the composites
C '
reported in 5.1 based on the data used in figure 106. The value of
O
the interface strength is taken to range from 1 to 100 MD/m in order
to represent the variability and range of reported values. Also given
in this figure are the specimen strain energy predictions for catastrophic
or. progressive failure, i.e. demoninator of 18 or 6 respectively
in equation 14, with E = E , •c apparent
That is,
2 2 2 
<CS V ^ S
w; = -5—  = : - [14a]
18 E . 18 E
a a
2 2 2 
W r = [14*]
6 E . 6 Ea a
Comparison of the predicted values with the experimental results 
for WS provided an illuminating insight into the merit of these 
micro-mechanisms. For HM and HT carbon fibre composites the experimental 
WS fell within the range predicted by a pull-out mechanism* The A
FIBRE
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PIG. 127 Prediction of Bounds for Energy Absorption Mechanisms 
for t = 1 - 100 MB/m2.
type fibre also fell well within the pull-out prediction. In-all 
cases the stress relaxation and debonding predictions were lower 
than WS or the pull-out prediction. WS for the glass 
fibre composite was predicted by both the pull-out and debonding 
mechanism, but as. the values of r used for glass fibre composites 
tend towards 1 MB/m the best, agreement was obtained with the 
debonding mechanism. These conclusions are the same as given in 
table 2 of reference 233 based on the agreement obtained by several 
authors between experimental results and proposed energy absorption 
mechanism. However, in this case minimal or, in the case of carbon 
fibres, no consideration has been given to t , 11 or observation of 
the failure mode. The PRD fibre composite would be predicted by the 
pull-out mechanism, whereas the experimental specimen did not 
show any fibre pull-out due to the excessive compression buckling.
It is also interesting to note that apart from the HMS composite, 
which was found previously to be inconsistent, all; the experimental 
results were well within the specimen strain energy predictions. In 
addition to the original references covered in reference 2 3 3, the 
application of an approach based on specimen strain energy can be 
considered for other data published in the literature.
For instance, Gershom and Marom (16 2) attributed the energy 
absorption of glass fibre/epoxy composites tested dry to pull-out and tested
wet to (debonded) interface fracture surface energy. A value of
21200 MB’/m was assumed for a^ as it gave agreement with the observed
3flexural failure strength. The ratio for these tests was 8 so 
that the modulus results lower than the rule of mixtures prediction 
was to be expected, as was the compression failure apparently to be 
seen in their figure 5 hut not reported. If compression failure did 
occur then the true fibre failure stress would be greater than the
O
1200 MB/m assumed. If we assume that the observed energy absorption
can be predicted by equation 14(a) where S = 40 Values of cr^
2 2obtained for dry and wet tested composites are 1665 MH/m and 1316 MF/m 
respectively (or 19^5 MH/m^ and 1506 WN/itr if. Ek = E^V^). The dry 
values are more acceptable for the initial fibre strength, and the 20% 
fall in strength for the wet composites is not unreasonable.
Harris et al. (234) also considered the relative merits of debonding
and pull-out mechanisms. The specimens used had a.volume fraction of
0.00009 and an 80 °C fall in temperature from the post-cure temperature•
2So that,high residual compression stresses ( ~ 15 MH/m ) would be 
expected. Thus', energy absorption would be expected during fibre pull- 
out due to this frictional stress, and the grease picked up by a fibre 
during handling would be expected to affect the friction coefficient 
and hence the energy absorbed. Similarly the silane coating may 
increase the coefficient of friction and the pull-out energy. It is 
difficult on this evidence to agree with their conclusion that the fracture 
energy of GRP is largely due to the work done during pull-out of 
debonded fibres.
Harris et al. recorded longer debonded lengths of fibre than 
pull-out lengths, in agreement with figure 109. In this work the 
bend stresses were considered to cause premature failure of the fibres 
and as the fibres in Harris et al. work were large diameter (250 M-ni) . 
and low strength (585-985 MU/m ) a similar effect may be present, 
particularly in double cantilevered beam specimens. .
An attempt has been reported (235) "to. increase the energy - ~
contribution from fibre debonding and pull-out by reducing the interface 
shear strength of carbon fibres by pre-coating with rubber solutions.
Ho fracturegraphic evidence was reported to confirm that the increased 
energy absorption was due to these mechanisms, but when the paper was 
presented at a recent conference (236) it was stated during the 
discussion that there was evidence of compression damage for these
specimens. The coating would be expected to degrade both the' 
compression strength, and thus the flexural strength, and possibly the 
shear strength as reported.. At Qffo rubber solution the flexural/shear 
strength ratio for a work of fracture specimen suggests that a single 
delamination may just occur, whereas at 1 % the fall in shear strength 
at constant flexural strength would ensure a delamination failure 
occurred. If a transition from zero to one delamination is assumed, 
then for a modulus appropriate to the beam geometry (H.B. values given are
- - ... C*
for / = 100) the correct level and trend in energy absorption can be
predicted. The degradation of the flexural strength at higher additions 
of rubber solution can be attributed to premature compression failure, 
which results, in a manner similar to that given in 7*3* in a constant 
level of energy absorption.
This discussion of energy absorption suggests that within the 
limitations set by the available data the energy absorbed could be 
obtained from the strain energy for catastrophic or progressive failure 
of the thick beam specimens. It is also apparent that the reported 
correlations with particular energy absorption mechanisms would be 
obtained irrespective of the value of t . and 1q , due to the 
dependence of the predictive equations on o^ and E^. It was in 
any case unlikely that a sole mechanism, which changed with environmental 
effects (162), would be responsible unless it was the basic underlying 
mechanism. In this work it appears that the underlying mechanism is
0
straining the composite to failure for the test geometry (i.e.
and E rather than E„V„) with modifications due to the actual mode a f f
of failure. The main effect of poor bonding was the increased 
incidence of compression and delamination failures. In many cases as 
discussed later other measurements apart from .WS are required to 
characterise the impact performance and the actual failure mode then 
has particular relevance.
8.4 Influence of Test and Material Parameters on Performance, of
Short Beam Specimens
Influence of Test Rate. Specimen Geometry. Temperature and
Environment
(a) Test Rate
The failure modes and energy levels were similar for both rates and 
apart from an appropriate allowance for the strain rate dependence of the 
material properties and higher indentation loads, it was acceptable to . 
consider the impact test as psuedo-static thick beam flexure tests.
This view point was confirmed by McQuillen et al. (237) who recorded 
little effect of strain rate from static tests up to 9 m/sec impact 
velocity. The failure energy was identical for static and 3 m/sec tests, 
and the slight fall-off at higher rates was attributed to the increasing 
presence of vibration modes above mode 1 for these slender beam (7 d = 7 D  
specimens.
If a psuedo-static approach is applied the strain rate will vary 
the individual failure strengths (i.e. C, T and S). Compared to slow 
rate properties it appears that the shear strength, and transverse 
strength (238) increase less rapidly than the compression or tensile 
strength, so that, delamination failures become more favourable. The 
increased compression strength was attributed to the increased resin 
stiffness at the higher rate. The tensile failure appeared to be 
dependent on a strain rate sensitivity in t(he fibres themselves, rather 
than on the "ineffective length". Otherwise an increase in the strength 
of carbon fibre composites would be expected. The difference in 
tensile response resulted in decreased compression damage in carbon 
fibre composites and increased compression damage in glass fibre 
composites. In order to utilise the failure prediction modei the 
requisite strengths (C, T and s) at the test rate must be determined or 
estimated. In impact tests the pendulum velocity is not constant as a
major part of the input energy is absorbed by the specimen resulting 
in a reduction of up to 5 in the pendulum velocity at the end of the 
test.
Failure due to contact or bearing stresses depends on both the 
diameter and the stiffness of the contacting surfaces, and become more 
favourable as the stiffness of the specimen (or target) increases (239).
In isotropic materials such as the glass plate in reference 239 ’the. 
only alternative to a bearing failure was a tension failure but because 
of the dependence on the properties of the impactor it was not possible 
to specify a unique failure mode transition stiffness for the specimen.
In composites the additional failure modes further complicate this 
prediction. The stiffness of the target can increase due to a geometry 
change, change in support conditions or due to rate effects (inertia).
As the test rate is increased the failure mode may change, and eventually 
stress waves become a favourable failure stress. Stress wave failures 
are very complex because wave reflection occurs and the interaction of the 
incident and reflected wave can produce annihilation or reinforcement of 
the initial wave, and a tension wave is reflected as a compression wave. 
Failures can thus occur remote from the loading point as occurs in 
scabbing fractures on the non-impacted face (240). Tension waves 
reflected from the far side of the specimen are likely to encourage the 
interlaminar-splitting failure modes. The generation and interaction 
of these waves is most complex and above a critical velocity the type and 
momentum of the impact is unimportant. Further information on stress - 
waves is given in reference 2 4 0.
(b) The effect of specimen geometry
sThe effect of the ratio on the specimen response has already
g
been considered in some detail. The ratio can be altered at 
constant S or at constant d. It has been noted that in many 
materials deLamination occurred at the tip of a notch resulting in a
sbeam of higher ratio at constant span. Several papers record 
(124, 241, 242) the similarity of notched beams and equivalent unnotched
sbeams for ratios from 44 i° 4* The rise in absorbed energy with,
sdecreased /, would be expected due to the decrease in E , the increased
CL cl
probability of prior stable-growth compression damage and the increased
probability of delamination damage. The first factor alone would
predict for Type 1 composites a factor of 4 — 7, depending on the E /Gc c
ratio, which would account for the majority of the observed changes.
The more rapid change obtained by Bader and Ellis (242) was attributed 
to the extra delamination failures that occurred.
g
The alternative method of changing the ratio is to change the 
span at constant depth. If the absorbed energy is due to the micro- 
mechanics occurring in the plane of fracture the energy would be 
expected to be constant as the cross-sectional area is constant.
g
However, it was found in slow rate 3-pt bend tests conducted at = 5 
to 40 that the absorbed energy for XE5/B and 33/^ laminates increased (x 3) T 
supporting an energy absorption mechanism based on stored strain energy 
as the span term in equation 14(a) increased faster than the apparent 
modulus.
For a tensile failure the length of overhang (i.e. specimen length - 
span) controls the degree of crack opening for a hinge at A, figure 107(b), 
possible before the specimen passes through the jig. For instance .for 
a standard 45 long specimen the maximum angle of 2 0 obtained is 
100°. If the specimen length is changed to 40 or 50 1111 then the 
maximum angle 2 0 is 80° and 110° respectively. This change in 
angle will affect the final stage of failure for strong flexible fibres 
or multiple delaminated beams, and control the amount of cross-head 
displacement possible before the test is prematurely terminated.
The width of the specimen would, as reported (124)»not be expected 
to affect the specimen response significantly (excluding off-axis
laminates) unless increased transverse constraint above the loading ; 
anvil was able to modify the compression failure conditions*
(c) The Effect of Temperature and Environment
The effect of temperature can be considered from its effect on 
the individual failure stresses* As the temperature is increased the 
compression strength has been found to decrease (98), with a small fall 
in shear strength and little effect on tensile strength (243)* So 
that, at elevated temperatures compression damage will be relatively 
more favoured and larger zones of compression damage would be expected.
At reduced temperatures the increased stiffness of the resin discourages 
compression failures and a higher degree of shear failure would be 
expected. These predicted changes in specimen behaviour was confirmed 
by figures 11 and 18 of reference 123* The similarity of the failure 
modes for slow rate long beam tests and the impact specimens respectively
should be noted. .
The effect of environmental degradation, or chemical attack can be 
similarly predicted from the effect on the relative strength ratios.
Care must be taken that the specimen degradation represents accurately 
the practical service requirement (i.e. no cut edges, or test fluid only 
affecting one surface) and that the test measures the required degradation 
For instance if a notched bar (130) is used to assess change in notch 
sensitivity, the specimen should not fail due to compression buckling. 
8.4*2 Influence of Material Parameters
In spite of the complex failure modes in these tests and the 
difficulty of predicting the exact failure conditions (stress, strain 
and energy), the effect of material parameters on thick beam impact 
performance has been evaluated.
(a) Fibre Properties and Diameter
The most important property of a fibre for high energy absorption 
is that it should have a high tensile failure stress. If this is
combined with a low modulus (i.e. a high failure strain) then this 
strength can be utilised even in the presence of bend stress concen­
trations* The buckling failure of individual Kevlar fibres though 
reducing the elastic energy absorption does allow high levels of 
specimen deformation by allowing the flexure of the fibre without the 
introduction of high stress concentrations* The same buckling failure 
in high modulus carbon fibres is not successful due to the high 
modulus and low tensile failure strain*
The fibre diameter has a similar influence on bend stresses, and 
small diameter fibres are favoured* The macro fibres prepared by 
Cooper, Gladman, Sillwood and Sims (244) were unlikely to increase the .. 
impact energy-as their large diameter would have resulted in premature 
failure* At this stage the higher compression strength of boron 
fibre composites would appear to be associated with their high modulus 
isotropic structure rather than their large diameter* The large 
diameter fibres do though provide better alignment (i.e. absence of 
kinks which could nucleate compression failures) and impregnation than 
10 [im diameter fibres*
(b) Fibre Volume Fraction
The different strength and stiffness properties of an aligned fibre 
composite do not exhibit the same dependence on volume fraction so that 
both the absolute and relative properties are affected by changes in 
the volume fraction* The proportion of shear deformation, i.e. ratio
of E /E ,, will change following the change in E /G asc ctppcirsnT c c
given in figure 99(^)* The tensile strength tends to increase directly 
with volume fraction, while the compression strength does not rise so 
quickly after initially being greater than the tension strength. So 
that as the volume fraction is increased at a critical volume fraction 
a transition from tensile to compression initiated failure will occur, 
see 5*3* The critical volume fraction would be expected to be dependent
on material quality, matrix and fibre properties, and the severity of 
the load concentration at the loading anvil.
The shear strength falls or increases slightly with volume fraction 
so that an increased incidence of delamination in unnotched specimens 
and delamination at notch tips is to be expected. The effect of the 
loading point can be expected to increase,as the fibre volume fraction 
increases the load carrying capacity of the beam. The transverse 
properties change to a small degree producing relatively small changes 
in the high levels of anisotropy of stiffness, strength and energy 
absorption.
(c) Interface Condition
One of the outstanding difficulties is to measure the interface
strength and to assess the significance of energy absorption mechanisms
associated with the interface in real composites. In this work it
was found, in agreement with GillardTs theoretical prediction (142),
that the direct shear strength had to be less than c r / 11.26 if
delamination at the notch tip was to occur. So that, the critical
shear stress increases with fibre strength and fibre volume fraction
resulting in an increased difficulty of propagating cracks transverse
to the fibres in high volume fraction, high performance composites.
The optimum value for the direct shear strength for increased energy
absorption due to delaminat ion was just less than a /12, in goodo
agreement with the above critical value. Much lower values have a 
degrading effect on specimen response due to the ease of delaminat ion 
and compression failures.
The effect of the interface strength on energy absorption by the 
debonding/stress relaxation and pull-out mechanisms was not considered 
as it was not possible to establish the significance of these 
mechanisms, or the reliability of present interface strength measure­
ments for application to practical materials. It was not clear that 
fibres on the fracture surface pulled out in the classical manner. v
(d) Matrix Properties - 
Changes in matrix properties do not normally have a proportionate
effect on the composite properties. This is probably associated with 
the differences between the response of bulk resins and their response 
when in thin layers in the constrained environment of the composite 
(245» 246 - reduced resin ductility when in thin layers).
The properties will also vary with strain rate as in the increased 
compression strength of impact tested composites. Decreasing the
resin moduli decreases this compression strength. The effect of
plasticising the resin is also to increase the degree of shear deflection, 
reduce the tensile failure stress and reduce the absorbed energy.
The transverse composites always failed in a brittle manner but the 
higher failure strain may be important in limiting the occurrence of 
microcracks, and their effect on residual properties. Modifications, 
such as the addition of a particulate filler (eg in DMC) would be 
expected to have a maximum effect in transverse aligned and discontinous 
composites.
(e) Fibre length, orientation and bundle size
The anisotropy of energy absorption for aligned composites results 
in the splitting of a centrally impacted plate at. a small proportion of 
the energy required for a longitudinal beam specimen. Cross-plying 
will increase the final failure conditions but microcracking, particularly 
if large residual thermal stresses are present, will still occur at a 
low energy input level. These failures are of major concern at the 
present.time in the design of aeroplane wing panels.
More isotropic properties can also be obtained in woven fabrics. 
Microdamage can still occur in these materials, and the crimped relatively 
uniform strength fibre bundles results in compression buckling failures 
and relatively flat tension failure surfaces* The chopped strand/DMC/SMC 
class of materials can also fail by microcracking but in these cases
crack propagation through the matrix is possible so that the crack is 
"bridged hy fibres. The initial microcracking occurs at the interface 
of fibres perpendicular to the applied stress, but the failure conditions 
do not increase substantially until the fibres are aligned within less 
than 30° to the stress axis. Fibres bridging the matrix crack are 
subjected to the same stress concentrations as discussed in 7*2.
Single fibres will fracture in the plane of the crack but, depending on 
the fibre length, bundles of fibres because of their flexibility compared 
to a single fibre and their decreased surface area are able to pull-out 
or disintegrate the surrounding microcracked matrix. The use of 
different binders, and bundle size would be expected to influence this 
flexibility in a predictable manner. The possibility of the bundle 
pulling out rather than fracturing increases with decreased fibre length. 
These brittle microcracks decrease the tensile strength, and the 
compression strength and shear strength are relatively greater, resulting 
in tension initiated failures for this class of materials.
8*5 Requirements for Impact Data and Assessment of Charpy Impact Tests
8*5*1 Requirements for Evaluating the Impact Performance of Fibre
Reinforced Plastics
It is evident from the preceding three sections that the complex 
failure of Charpy impact specimens is a function of both the material 
under test and the test itself. Prior to considering the value of the 
data produced by this test, and tlie requirements for alternative 
techniques it is necessary to consider the scope of practical situations 
that the data produced may be required to model. It should be remembered' 
that the impact test has been used because, it was an established method of 
evaluating the toughness properties of composite materials.
The variables of behaviour to be evaluated include the basic 
material properties, the condition of the material including prior 
damage, the rate of loading, details of the impacting surface and the
failure criteria to be applied. It is important to cover all these 
possibilities no matter how infrequent, or how often expertise in this 
area would deem the test unsuitable,because the standard tests are 
given as universal tests with, few, if any, qualifications as to when 
they should be applied, or the validity of the result. Consequently 
the tests will be arbitrarily applied, for instance by manufacturers* 
requiring a "standard value" for technical data sheets.
(A) Material Properties
The composite material Will in all cases exhibit a degree of 
anisotropy in mechanical properties which is highest in fully aligned 
continuous fibre composites. In contrast to other classes of materials 
the combined effect.of loading anvil indentation and compression stress 
results in failure in flexure beams occurring in compression for aligned 
fibre composites. The majority of reinforced thermosets exhibit a 
laminated structure with weak planes if the composite is stressed in 
transverse tension or in-plane shear. The interlaminar shear failure 
in thick beams is a characteristic of the failure of composite and laminated 
materials.
These systems are not intimately mixed on a molecular scale so that 
it is common to find inhomogeneous areas rich in resin or fibres. In 
compression moulded or injection moulded materials differential flow 
results in variation in the uniformity and alignment of the fibres.
In injection moulded materials attempts have been made to produce test 
specimens with known orientations so that results can be obtained along 
and across the flow to give the limits of the measured properties.
Even in these cases detailed micro-examination has shown that the fibre 
alignment was not as expected (247)•
(B) Material Condition
The material to be evaluated may be in one of several different 
conditions as follows:
(a) Undamaged, unnotched, well fabricated material — can only be 
applied to carefully prepared laboratory materials, and some materials 
made by automated techniqp.es such as filament winding, pultrusion and 
pre-pregged laminates. Even the best materials will differ from 
theoretical models due to random fibre dispersion, residual stresses 
etc.
o>) Undamaged, unnotched, normally fabricated materials - general 
materials, which contain manufacturing defects to varying degrees such . 
as fibre breaks, kinks and waviness, fibre misalignment and non-uniform 
dispersion, delaminated regions, voids, unwetted fibre bundles and 
non-catastrophic thermal microcracks.
(c) Stress concentrations in-(a) or (b) — arising from changes in 
section, joints, holes, cut-outs, bosses or large scale non-typical 
manufacturing defects.
(d) Prior damage in (a), (b) or'(c) - arising from previous mechanical 
and/or thermal history. Degradation could be due to a prior monotonic 
or impact loading, fatigue or creep loads, or to environmental ageing 
such as the effect of water, chemicals, sunlight etc. This damage will 
frequently be present as degradation over a large volume of material 
rather than as a single crack, but both cases must be considered.
(c) Loading Conditions
(a) Rate of loading - wide variations in the loading rate are 
possible:-
1 Relatively slowly applied load such as a person dropping 
heavily into a chair, or walking on an aircraft floor.
2 Medium rates - typified by the component itself falling, 
or a mass falling onto the component from a distance of up
to a few feet, where the acceleration is that due to gravity.
3 Rapid rates of loading - the loading occurs under forced
. acceleration, and frequently high momentum, as for instance
in car crashes, landing gear on aircraft etc. Stress wave 
propagation of increasing importance.
4 Ballistic rates of loading — extremely high speed (low mass) 
as for instance in armourment applications, shock (stress) 
waves of direct relevance.
5 Increased local rates of loading - due to micro or macro 
strain (stress) concentrations. Also at the tip of a
propagating crack, either a micro-failure (eg fibre break)
or macro-crack, there will be a local high rate of loading 
even if overall rate of crack growth due to cyclic or creep 
loads is slow.
In terms of approach velocity, and approximating to decade 
increments the loading rates suggested in 1, 2, 3 and 4 can be considered 
to be equivalent to < 1 m/sec, 1 - 10 m/sec, 10 - 100 m/sec and > 100 m/sec 
respectively.
(b) Repetition of load application - in energy absorption applications 
it maybe sufficient for the material to successfully resist one 
application of the load, in other cases such as aircraft floors multiple 
loading due to the movement of passengers, staff and equipment must be 
withstood.
(c) Geometry of collision surfaces - either the component of interest, 
or the impacting mass can be considered to have a surface that could be 
described as a point, a line or an area, and any combination of these 
surface shapes is possible. It is easy to envisage practical cases of 
these combinations. The shape of the surface may be particularly 
important because of the susceptibility of some composite materials to 
indentation/compression failures. Additionally the hardness and detail 
shape of the impacting mass may be important (eg the radius at' the edge 
of a cylindrical punch has been found to affect the failure of thin 
thermoplastic sheet (248)).
(d) Concurrent stresses - in many cases the article impacted will 
already he carrying its normal working stresses and/or its displacement 
will be restricted by the presence of other members in the structure. 
Butcher (249) reported recently that brittle cracks could be 
propagated in untreated carbon fibre composites if the impact blow was 
applied to a specimen already under tension stress (c.f. 5*1)• The working 
stress may be multiaxial, as may be the additional loading (eg impact on 
filament wound vessel hydrostatically loaded). •
(d ) Failure Criteria
The criteria that is taken to indicate failure depends on the 
in-service use of the material. This fitness-for—purpose can result 
in very diverse criteria for different applications.
(a) Total energy absorbed - of interest in containment applications such 
as retention of failed turbine blades in jet engines, normally a single 
application of load/energy only.
(b) Total energy absorbed elastically - of particular interest when 
multiple blows have to be absorbed without degradation in properties, 
for example protective padding for packaging, seat belts, 5 mPh car 
bumpers. Microdamage seriously limits this elastic performance, and 
may encourage environmental degradation.
(c) Maximum damage/load generated - of interest when a maximum load 
must not be exceeded to avoid damage to the impact or, eg skull on car 
crash padding (250) or when an unacceptable loss in properties occurs 
for an unfailed component (251) (eg stiffness in helicopter blades).
It may be also necessary to avoid over-loading an associated component 
in a structure. . In some cases microdamage may result in failure of
a component for a non-mechanical (loss of transparency, or imperviousness) 
or asethetic reason.
(d) Development of critical crack - of interest when failure is by 
catastrophic propagation of a single crack, critical crack growth rates 
for cyclic or creep applications.
8*5*2 Assessment of Charpy Impact Tests . '
In this section the Charpy, and Izod as a basically similar test, 
are assessed against the requirements set out above. In the Izod 
test the load concentration on the compression face is due to the clamp 
and not the pendulum striker.
(a ) Material Property
Normally only longitudinal specimens, i.e. highest energy 
absorption, are.tested for aligned fibre composites. The beam width is 
approximately equal to beam depth so that specimen may not be representative 
for mats, coarse fabrics etc. Tests normally conducted with lamination 
planes, including wet-lay up fabricated material, parallel with neutral 
plane so that delamination failures are encouraged. Properties 
perpendicular to this direction may be of interest in some applications.
(b ) Material Condition
Normally on as-fabricated material, some studies particularly 
concerned with the effects of degradation are undertaken as required.
Tests to assess effect of prior damage and/or residual strength not 
normally conducted but may be important (eg influence of transverse 
microcracking on delamination failures in cross-plys) • Effect of
C*
notches cannot be studied because of change in /^, and absence in many 
cases of tensile fractures at notch tip. Other defects such as holes 
cannot be studied effectively because of the small size and the stress 
distribution of the specimen.
(c) Loading Conditions
Single rate of loading which is not consistent between different 
test equipment, normally conducted as a single blow to obtain the total 
energy absorbed in failure. .As indentation/compression damage was 
frequently observed the radius and hardness of the striker is important.
ASTM 256 quotes a radius of 3*17 mm which is quite severe. The use 
in ASTM D256 Method E of a reversed notched Izod as an approximation of
an unnotched specimen would appear to he particularly dubious for these 
materials. The loading rate of a few metres/sec would appear to be 
in the psuedo-static range of 0 to 10 m/sec (181). Specimen is unstressed 
and free from lateral restraint in the Charpy test, but clamped at one 
end in the Izod test. Not possible to conduct biaxial stress tests.
(D) Failure Criteria
The only measure offailure normally used is the total failure of 
the specimen, and the total energy lost is recorded. The ASTM test 
allows different stages of failure, eg partial and hinge failures. Also, 
a. correction procedure is given for the toss energy, and the other 
subsidiary energy loss mechanisms are stated together with the test 
conditions for which they are most prominent (eg for tough laminated 
materials - vibration in the arm, vibration of the frame and 
horizontal deflection of the machine, and friction caused by the test 
specimen on the loading anvils may be significant.) . J
It is clear that the Charpy test does not produce information 
relevant to the requirements set out previously. The test can also 
be considered against the questions posed in the Introduction as follows:
1 Yes, the test geometry does dictate the failure mode and energy ' 
absorption.
2 No, the Charpy test cannot be universally applied to all materials 
because of the ^ differences in failure mode obtained due to 1.
3 No, the Charpy impact test data is not a sufficient or accurate
measure of impact performance.
4 No, similarly the toughness is not fully evaluated.
5 No, the performance of a material in the Charpy test - cannot be
predicted from the data on the component, materials; without a full 
structural analysis of the test situation.
6 No, the data produced is of no value for design.
Summarising, the type of question that may he initially posed is 
"What is the impact strength of material X", or "How does the impact 
strength of materials X and Y compare". Occasionally slightly more 
specific questions such as "Which is the best material for impact 
strength for application B,.which also meets the other design and 
economic requirements" may be asked. In all cases a gross simplification 
of the true situation has been attempted. The term "impact strength" 
is the most common term used to describe impact properties and will 
even be used in tables and on the axis of graphs in spite of the fact, 
that the measured quantity is an energy term and not a stress.
It is not possible to talk of the impact strength any more than to 
refer to the strength for the properties at conventional test rates.
A designer expects to have information on the tension, compression, shear, 
creep and fatigue strength, and the Poisson ratio. Ideally under the 
relevant environmental conditions, or at least over a range of 
conditions.
The previous sub-sections have considered some of the situations 
that may be encountered in impact loading, and the criteria used to 
define failure. It is clear that when environmental parameters are 
also included that the permutations are exhaustive and in many cases are 
particular to the final application of the fabricated component and 
structure. Some situations are concerned with strength properties, 
others with energy absorption.
In all cases it is apparent that the Charpy impact test does not 
provide reliable or relevant data. In certain circumstances, of 
course, its use can be justified as in following the ageing of a tension- 
failing surface.
8.6 Alternative Techniques for the Characterisation of Impact/
Toughness Properties
It is clear that a new approach to the characterisation of these 
properties is required which should without major modification be able
to characterise a wide range of materials for use in impact situations. 
Improvements to the Charpy impact test are first considered as follows:
(a) Large radius striker — specimen will contact face and bend round 
it leading to high frictional resistance and even jamming.
(b) Slender beam specimens - avoids delamination failures, compression 
failures may be still present. Not only must the specimen be longer 
at constant depth but overhang must be longer to prevent the specimen 
pulling through the jig. Higher energy input required, therefore larger
O
machine necessary. Alternatively, higher ratio at constant S
leads to small^possibly unrepresentative,test pieces.
(c) Instrumentation - provides additional information similar to 
slow rate tests, useful but still a complex failure mode that has to 
be analysed. Dynamic effects on traces to be avoided. The proposed 
Ductility Index (252) is inaccurate as WP includes stored energy in the 
frame that is consumed in the WS-WP portion of the test, also test may 
be terminated before complete transverse crack propagation resulting 
in an undue prominence of WP.
These improvements do not appear to offer the breakthrough in 
characterisation required. However, any test method apart from an 
impact test is likely to involve higher capital cost (though the 
equipment may already be available for other purposes), a higher level 
of instrumentation, specimen preparation and a higher level of staff 
skill. So that, real benefits must be obtained to justify this 
additional expenditure, and the opportunity should not be lost to design 
simplified test procedures including acceptable impact tests or 
acceptable limiting conditions for the correct use of the present tests.
The proposed alternative technique is to measure the strain rate 
dependence of basic properties (i.e. Youngs and Shear Moduli; tensile 
compressive, shear and transverse strengths) as a function of rate of 
loading. There is after all nothing to distinguish the present
standard tests. The normal test where failure occurs in 30 — -90 seconds 
enables the test to be conducted on a wide range of equipment, ensures 
a uniform stress distribution along the specimen and simple recording 
equipment can be used. . The impact velocity is in the range to be obtained 
from dropping a weight in a laboratory-sized apparatus. However, tests 
up to a few metres per' second can be conducted by extension of the 
normal techniques, but for higher rates it is necessary to use the time— 
temperature superposition to conduct tests at reduced temperatures in 
order to simulate higher rates of loading without the difficulties 
associated with shock waves and a non-uniformly stressed specimen.
An Instron 1251 Servo-hydraulic test machine has been established 
to perform the above test programme• The machine has both a conventional 
screw driven crosshead for velocities down to 1 .6  x 10 ^ m/sec, and a 
hydraulic ram for velocities up to 5 m/sec. So that in this single 
test frame, which is similar to a standard universal test machine',
7§- decades of velocity can be covered. The tests can be conducted in 
tension,using hydraulic grips with reproducible grip pressures, or in 
compression, shear, flexure, indentation etc. Due to the large 
daylight it is also possible to test components and parts of structures. 
In addition, as the ram is controlled by a conventional function generator 
(i.e. sine, square, triangular and ramp waveforms; strain, load or 
displacement servo-loop control) it is possible to study the effect of 
multiple loadings; to pre-damage, or to measure the residual short or 
long term strength for the same or a different stress state. Tests 
can be conducted in a large capacity environmental cell from 80 °K to 
4 8O °K. This degree of flexibility is not available in a Charpy 
impact machine•
The procedure that has been adopted is
(a) to measure the strain rate dependence of individual material 
properties, and to relate this dependence to the strain rate dependence 
of the component materials. *
(b) to use this data in analysis of the deformation and failure 
characteristics of simple impact situations.
(c) the application to very high rates, assuming the data can be 
extrapolated from a master curve, or complex structures depends on
the ability to obtain or predict the local strains (237) and strain rates.
Sayers (253) has shown for a jet engine compressor blade how the 
• failure mode and subsequent deformation could be obtained frOm static 
and simulated service tests, so that the appropriate strength controlling 
failure could be established. In this case for the laminated carbon 
fibre/epoxy blade the appropriate rate interlaminar shear strength was 
required.
As the impact problem is now integrated into the basic framework 
of material response it should be easier to assess the effects of the 
different situations and failure criteria outlined in 8 .5. It may also 
be possible to move straight from the material data characterised in 
this way to impact tests on prototypes. If, as suggested previously (202), 
the strain rate dependence is irrespective of the absolute magnitude 
then tests could be conducted at the extreme rates obtainable on the 
simplest equipment (eg Hounsfield Bench-Tensometer) with perhaps an 
impact test of the same geometry to check the mode of failure has not 
changed and that the energy levels are similar.
Eventually limiting conditions and different test procedures may 
be developed (eg indentation on a plate) which provide meaningful data 
and enable laboratory impact tests to be. used reliably.
An additional property to be studied as a function of strain rate, 
is the resistance to crack propagation. The preferred method for this 
is to use fracture toughness techniques providing corrections can be 
developed, similar to that for the plastic zone size in metals, for 
tieing of the crack by fibres and the debonded/microcrack region at 
the crack tip (254)* I*1 addition it has been recently suggested that
a size effect is present and that SEN specimens up to 1 metre long 
are required (255)*
Finally some examples are given of tests conducted by the author 
on this equipment to illustrate the effectiveness of this approach.
(a) Constant rate tests have been conducted on foams in a study to 
characterise - their use as car facia crash padding. From the strain 
rate dependence it was possible to predict the response under different 
conditions from a constitutive relation for each material (256). So 
that as well as the total energy absorbed,the rate of deceleration, the 
maximum load applied to the impactor (eg skull) or transferred to the 
supporting structure (eg bulkhead) or the energy, absorbed at any specified 
strain can be obtained. Two typical results are given in figure 128(a) 
and (b) for tests conducted at 2*5, *25 and 0.0025 m/sec. .Materials 
with load-displacement curve shown in figure 128(b) are preferred as
high energy absorbtion is associated with low loads until the foam is 
fully compressed. A strain rate dependence is also preferred so that 
the foam normally has a soft, forgiving feel but gives maximised energy 
absorption at higher rates.
(b) Tensile tests have been conducted on injection moulded ASTM tensile 
specimens of coupled glass reinforced polypropylene (ICI-HW 70 GR) .
The ultimate tensile stress was found to increase linearly with the 
logarithm of the displacement rate. Typical results are shown in 
figure 128(c) for nominal times to failure of 100 seconds, 1 second and 
10 milliseconds. At the slowest rate the use of the crosshead rather 
than the ram would reduce the noise on the load signal. The •
reproducibility of the results can be seen in figure 128(d) for tests 
at 0 .5  m/sec. However if a poor sample is tested, as in figure 128(e) 
then the trace is easily recognised, and in this case was associated 
with a failure outside the gauge length. The specimens for the results 
in figure 1 2 8(e) are given in figure 128(f) and the failure of the poor
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(c) P/P at three rates (d) P/P at 0.5 m/ sec
(e) P/P at 1.5 m/sec (f) Failed Specimens from (e) x 0.5
FIG. 128 High Rate Tests on Foams and Coupled Glass Reinforced Polypropylene
sample outside the gauge length is very apparent. The trend in these
results gave good agreement with the trends obtained for ICI creep rupture
tests on reduced section ASTM tensile bar test pieces (257)*
(c) FIexure-impact tests were conducted on commercial laminates over several
decades of displacement rates. In general,a 10% increase for each
decade increase in displacement rate was obtained. For instance, as
—6the displacement rate for 33 MP/l_ samples was increased from 10 m/sec 
—A —2
to 10 m/sec and 10 m/sec there was a progressive increase in the
ultimate strength and the area under the curve for a progressive type
failure mode. As shown by figures 129(a), (b) and (c) respectively.
However, at 10” m/sec, figure 129(d) the second specimen showed a
change in the load-displacement curve that was associated with a
failure mode transition from that given in figure 93 for a slow rate
failure to that given in figure 92 for an impact test failure. Repeats
at, and either side of this velocity confirmed that there was a change in
failure mode at this point. Farther tests are required on the
individual strength properties to ascertain the changes in strength
2 4 ' '
ratios responsible for this effect. The effect, of a 10 and 10 rate 
change on the response of XE6/l_ and 33ME/l_ laminates selected from the 
full evaluation confirms the same failure mode and load-displacement 
curve for these materials, are shown in figure 130(a) and (b), and 
figure 130(c) and (d) respectively. The increased work-to-separate 
for higher rate test is very evident from all these traces. Variations 
in the failure loads etc, and the details of the subsequent failure 
will result in scatter in the recorded energy absorption. The ratio 
of slow rate to impact rate energy absorption will also depend on the 
detail of the changes in material properties and failure modes with 
change in test rate.
Finally in figure 130(c) and (f) is shown the reduced ductility 
shown by plasticised unreinforced epoxy resins when tested at liquid
iwini mammm n m  »M£i=
—ft
(a) 33 MP/l at 10 m/sec
, *
250 li/cm
(b) 33 MP/l at 10 4 m/sec 
1.25 mm displacement/cm
(c) 33 MP/j_ at 10 2 m/sec (d) 33 MP/l_ at 10 1 m/sec
PIG. 129 High Rate Tests on Chopped Strand Mat/Polyester Laminate
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(c) 33 ME/2 a-t 10 5 m/sec (d) 33 ME/l at 10 m / sec
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(e) 40/60 Resin at R Temp and 
Liquid
(f) 20/80 Resin at R Temp and 
Liquid. N ■
PIG. 130 High Rate Tests on Laminates and Resins
nitrogen temperatures compared to room temperature. A decrease has 
already "been obtained at room temperature as the test rate was higher 
than normal. This change in the behaviour of the 20/80 resin is 
particularly interesting when the matrix properties have to be 
characterised for use in predicting their effect on the composites.
In summary, these test methods show promise for the full 
evaluation of material properties for comparing competing materials, 
for designing for energy absorption, or for designing against impact 
failure in components. Already the characterisation procedure for 
foams has suggested that fewer tests need to be undertaken, and that a 
direct use of the data can be made in design procedures. The application 
to fibre reinforced plastics may be more difficult but by considering 
the properties in a conventional manner the background of expertise in 
analysis of failure mechanisms can be utilised, and reference can be 
made to properties measured in standard 100 seconds to failure tests 
with suitable correction factors for the strain rate dependence.
Different failure criteria can be applied to one set of data, and an 
approach can be visualised to allow concurrent stresses, prior damage, 
effect on residual properties etc. to be predicted.
CHAPTER HIRE . ■ ■ ^ r
RECOMMENDATIOHS FOR FURTHER WORK
Arising out of this present work the following further approaches 
are suggested.
(A) The main recommendation is that the strain rate dependence of 
unreinforced plastics should he further evaluated with the following
. aims.
(i) To determine standard stiffness and strength properties at 
different combinations of strain rate and temperature. This 
information may he of direct interest to designers as it would replace 
normal data (100 secs to failure) by data more appropriate to the
intended applications.
(ii) To develop from the above data master curves so that the 
properties could be determined for conditions not easily measured 
experimentally, such as very slow or high rates at room temperature.
(iii) To develop constitutive equations to model the deformation 
and/or failure behaviour of specimens, components and structural 
units under impact conditions based on the above data.
(iv) To develop simplified approaches to obtain the above data, 
including, if appropriate, impact tests.
(v) To assess the limitations to this static analysis, and determine 
if the dynamic effects can be incorporated into this framework (237,253)
(B) Fracture mechanics techniques should be developed further to assess 
their applicability to the propagation of macrocracks, particularly 
for the more difficult case of cracking transverse to some or all 
of the reinforcing fibres. These techniques may be of value in 
understanding the significance of the effect of multiple breaks in 
statistically characterised fibres on the composite tensile strength/74) 
If a material property can be. measured by these
techniques, then the effect of strain rate should be considered as 
in (A).
In order to improve the prediction of component behaviour,further 
improvements are required in the standard data produced:
(i) Research is required to develop reliable test methods 
independent of geometry and material. If different conclusions are 
obtained from test methods attempting to measure the same property 
(e.g. shear strength), then the reasons for these differences should 
be determined. Similarly if the strength varies with the volume of 
the specimen. A greater recognition of the low failure strains of 
these materials, even for fibrous failures, and thus the effect of 
specimen misalignment, is also required.
(ii) The predictive equations for strength require improvement if : 
they are to be used with confidence in predicting failure modes
and stresses. Shear and transverse properties in aligned materials 
both have low failure conditions and would be expected to have a 
similar dependence on component properties. The compressive strength 
is particularly test-dependent, but anisotropy appears to be an 
important parameter for aligned materials. In woven"fabrics the 
fibre misalignment due to the crimp could act as a source of an Argon 
micro-kink failure. Both uniaxial and multiaxial stresses should be 
considered.
In addition to standard properties the resistance of composites to 
point (indenter) loading is particularly worth further research as 
the information is likely to be important in the bending of beams, 
the resistance to non-catastropic projectile impact, indentation loads 
and bearing applications The effect of both point, line and area 
contact loads should be studied, as well as their interaction with 
an applied tensile or compressive, uniaxial or biaxial stress 
(e.g. relevant to impact on a pressurised filament wound vessel).
The material parameters of interest would be very similar to those 
considered in this present work.
As a preliminary stage to quantifying the effect of impact damage 
on the residual properties, further work is required on the 
development of microdamage detection techniques (251), and on 
the assessment of the significance of micro-damage produced by 
simple tensile loads on the residual short and long term properties. 
To assess the importance of residual stresses on the interface 
strength properties, tests should be conducted on single fibre 
model specimens with a range of residual pressures, including 
zero pressure, by adjustment of the specimen configuration and/or 
fabrication. This would be a first step towards establishing for 
real composites the value of several of the energy absorption 
mechanisms postulated.
In spite of the serious drawbacks of laboratory impact tests , 
other factors will encourage their continued use. In this case, 
consideration should be given to improving the test where possible 
by slight modifications (e.g. radius of loading anvil). There is 
also a need, particularly if the miniature Gharpy specimen continues 
in use, for the development of a new standardised test machine.
Until Part A above is completed conventional equipment such as 
designed by Smith (258) should be used with a sufficient input 
energy range to allow all tests to be conducted in a single machine. 
Any new equipment should be available in several different degrees 
of sophistication of output information, so that regardless of the 
application,the test data,is obtained under identical conditions 
which have been optimised to reduce errors due to secondary sources 
of energy absorption (e.g. load frame deflection). A modification 
to allow threshold energies for damage initiation to be determined 
would also appear desirable.
(H) It is finally recommended that consideration should he given to 
an in-depth, programme concerned with the test methods and data 
for standard properties of composite materials. In attempting 
to apply the models developed in this work there was found to be 
a noticeable absence of reliable, substantiated, in-depth data. 
Currently, great emphasis is given to the activity of "technology 
transfer" but it would appear from the published data that there 
is an absence of technology for transfer. In spite of the view 
sometime heard that all the theory has been completed, it is clear 
that more effort is required on the evaluation of practical composites 
Model systems have established general guide lines and failure 
modes, but this is not sufficient for the prediction of failure 
stress in practical composites with brittle components, high volume 
fractions, non-uniformly disposed fibres, voids, residual stresses etc 
This author organised a conference in 1970 at DPL on "Testing 
Fibrous Composites for Mechanical Properties” (259) encourage the 
adoption of standard, acceptable test procedures.’ It would seem that test 
methods such as the ILSS test continue to be used even though their 
inadequacies are well-recognised. It would appear that there is now 
a need, possibly under the British Plastics Federation and the Polymer 
Engineering Directorate sponsorship, for a programme of full assessment 
of the mechanical properties of a few selected materials. The aims of 
the programme would be:
(a) to allow correlations between different laboratories
(b) to allow agreed standard test methods to be developed which
(c) to ensure that the observed results were analysed in
of the macro— or micro—failure mechanisms so that, for instance,
as far as possible are specimen and material indepe: 
(if not, their dependence must be defined)
the effect of temperature on shear modules could be applied
to materials outside this scheme. That is, to develop
frameworks of behaviour, including critical conditions, as produced 
in this work for tests on thick beam specimens. Detailed micro­
scopic observation of failure in these real materials should be 
undertaken to determine the actual failure mechanisms 
(d) to develop the ability, as required, to specify the test method
and test conditions to be used on the basis of the expected properties 
c.f. the S/d ratio, as a function of E /G , required to reduce shear 
strain deflection to an acceptable level when measuring the Young’s 
Modulus from a flexure specimen (6.1), or in metals the prediction 
of the minimum specimen size for plain strain crack propagation 
from ^ jq/°y s ) *
The candidate materials should be selected to give a wide range of 
anistropy from materials that can be produced at a consistent (not 
necessarily high) quality. Obviously,aligned, crossply, woven, mat 
and SMC/DMC materials could all be included, but not all combinations 
of fibre and matrix should be attempted. This type of programme could 
be very limited at first but could improve the variable, fragmented and
■ c .
sometimes contradictory data presently available.
It should be noted that several of these recommendations are 
already the subject of current research projects funded by the Engineering 
Materials Requirements Board at the Rational Physical Laboratory (260).
CHAPTER TEH
COHCLUSIOHS
It '.is. concluded from this work that the impact performance of 
fibre reinforced plastics is. a complex function of the interaction of 
the specimen and the test geometry. Hot only was the recorded behaviour 
a function of both the material and test parameters but each only had 
a significant effect because of the nature of the other parameter 
(i.e. failure of a thick beam of an isotropic material does not produce 
the same problems).
The failure modes observed were predicted from the ternary failure 
model developed in this work which considered the relative merits of the 
tensile—flexure, compression-flexure and shear failure stresses. These 
strength values were characterised for the stress distribution existing in 
the specimen,before the failure mode was predicted. For a shear 
delamination failure,the shear stress was l/l2th of the flexural stress 
and was predicted most reliably from the direct shear strength. The 
interlaminar shear test was considered to be potentially misleading 
and therefore not recommended. The calculated fibre stress at tension 
failure of the composite was equal to the average fibre tensile stress.
The compression initiated failures were least easy to characterise 
because of the inadequacies of uniaxial compression strength predictions 
and the unknown influence of the stress concentration at the loading 
anvil. These difficulties were less acute in non-fully aligned composites
The sensitivity to brittle failure was predicted to occur if the 
tension strength was less than approximately 11 times the shear strength. 
Consequently because of the similarity of this value to the factor of 
12 for the shear stress' in an unnotched beam given above, specimens that 
delaminate in the unnotched state, in the absence of a prior compression 
failure, will be notch insensitive, as was found in this work*
To obtain a complete analysis of the material behaviour in these 
tests it was necessary to include secondary effects such as specimen 
shear deformation, load frame deflection and embedding of loading anvils. 
The main limit at ion to the applications of these models is the absence of 
reliable strength data or theoretical predictions for the test geometry.
It was found that there was no basic difference in the failure mode 
and energies of slow and impact rate tests. The energy for slow rate 
tested specimens was found to be related to the work done to fail the 
fibres, modified by the macro mode of failure. In many cases the test 
was prematurely terminated by the specimen passing through the test jig 
before complete transverse failure had occurred. The difference between 
energy absorption at the two test rates could be interpreted in terms 
of the strain rate dependence of the component materials and the failure 
mode. ...
Ho evidence was obtained that the micro mechanisms of energy 
absorption played other than a secondary role. It was shown for instance 
that the measured interface shear strengths, particularly from pull-out 
tests, were very suspect and that the observed correlations with 
particular mechanisms such as debending or pull-out would have been 
obtained irrespective of the pull-out length or interface shear strength. 
In most cases the ’work done’ approach satisfactorily explained the 
observed behaviour. In a flexure specimen the stress distribution is 
not uniform, so that the conclusions reached in this work may not. be 
directly applicable to other test geometries such as a double edged 
notched tensile specimen. These micromechanisms do perhaps reduce 
the possibility of catastrophic crack propagation as they are able to 
dissipate the fibre stored energy at failure.
The effect of material and test parameters on impact performance
can be summarised briefly by reference to their effects on the basic,
properties controlling the initiation and progression of failure.
(a) Effect of fibre - final composite tensile stress increases with fibre
failure stress. Bend stresses in fibres are reduced by a small
diameter, low modulus and high failure strain. (H.B. These properties 
may be mutually exclusive for a linear-elastic—to-failure fibre). 
Compressive strength tends to fall with increased fibre and composite 
anisotropy. Prior compression failure can lead to high energy 
absorption if stable crack propagation occurs.
(b) Effect of fibre volume fraction - increased chance of compression
failure at high volume fraction in aligned composites. Energy
absorbed increases with but may be non-linear because of the 
dependence on the failure mode. Anisotropy of energy absorption 
increases with increased volume fraction.
(c) Effect of resin - resin modulus has a larger effect than expected
because of the high shear deflection present. As resin modulus 
decreases, there is an increased chance of compression failures, and 
a decreased chance of shear and tension failure. Energy absorption 
by the resin is not an importance contribution.
(d) Effect of interface — if the strength is above a critical value, a
brittle failure is obtained^ a lower strength results in one delamination 
failure (cr/24 < t < cr/l2) followed by progressive failure which 
optimises energy absorption for the simplified model used in this work.
(c) Effect of fibre geometry - fully aligned composites are very
anisotropic; weaves etc are less anisotropic but .fewer fibres are 
failed in tension so that energy absorbed decreases. Bundles of 
fibres (depending on binder), are less effected by bend stress 
concentrations at the crack plane,than single fibres.
(f) Effect of strain rate - failure stress for compression f&ilure 
increases with increased strain rate, final effect depends on the 
change in the relative strength ratios. Shear strength falls 
relatively,resulting in a higher degree of delamination failure.
(g) Effect of temperature - not tested hut similar to strain rate.
That is, low temperatures encourage shear failures, high temperatures 
compression failures. ’
(h) Effect of specimen geometry - at constant span, an increase in s /d  
ratio reduces shear deflection, loading anvil stress concentration, 
and interlaminar shear, stress,thereby encouraging tensile failure.
Fall in absorbed energy as delamination failures are not obtained and 
higher apparent modulus of beam.
- at constant depth, effects as above 
as S/d is increased, except increase in energy absorbed due to increase 
in span. Confirms dependence on strain energy to fail specimen 
rather than micro-mechanisms across the constant cross-section.
(i) Effect of environment and service degradation — not studied in 
this work but their effect could be judged by the degradation in 
the standard strength properties. However, combinations can be 
suggested whereby an increase- in energy absorption occurs through 
degradation (i.e. degradation of interface strength allows one 
de lamination to occur for an unchanged tension and compression strength). 
Reconsidering the questions set out in Chapter One on the basis of
this work the ■following conclusions were drawn. It is very clear that 
the test geometry has an over—riding influence on the failure mode and 
energy absorption. Therefore,it is not considered suitable for 
obtaining comparative or characterising data on a universal basis. In 
certain cases the use of the Charpy test could be justified providing 
prior work has established that the mode of failure is acceptable.
Excluding these exceptions,the answer to questions numbered two to six is
"no"; so that it can be concluded that the popularity of the Charpy 
impact test cannot be justified for the testing of the fibre reinforced 
plastics*
Alternative techniques based on the strain rate dependence of 
properties were shown to be feasible, but the need eventually to develop 
lower cost techniques is recognised and considered to be an achievable 
target. The use of these alternative techniques now allows the final 
two questions to be answered in a positive manner. The ability to 
successfully analyse the complex failure of the thick beam specimens 
in terms of standard properties provides considerable impetus to the 
analysis of other less complex stress situations. Additionally these 
data could be used directly in a compatible manner to standard test data.
In fact, the presentation of these data as a function of slow rate 
properties may be the easiest method of technology transfer. In addition, 
it is possible to use the different failure criteria previously suggested, 
and to incorporate the effect of impact damage with the other effects 
of in-service degradation on residual properties.
Finally, the following comments refer to tests in general on 
composite materials. The complex failure modes and interactions which are 
possible suggest a four-fold approach to all test programmes as follows:
(1) To establish as far as possible the structure of the material 
under test,so that,difficulties with particular test geometries 
can be anticipated,and the expected failure stress calculated.
(2) To report the full details of the test geometry, conditions etc 
used for all data obtained.
(3) To use fracturegraphic observations to confirm the mode of failure; 
particularly important if measured failure stresses are considerably 
lower than those calculated in step (1)*
(4 ) To present clearly and fully the evidence for any assumptions 
made on failure modes etc.
In the case of the Charpy, and to a greater extent (lower s/d ratio) 
the Izod, impact test the ability to analyse the mode of failure etc. 
does not justify its continued use as a universal test method and 
the re-assessment of some previous observations maybe warranted.
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